Study of the adsorption and enantioselective reaction of methyl pyruvate on platinum by Cook, Alexander C.
A Study of the Adsorption and 
Enantioselective Reaction of 
Methyl Pyruvate on Platinum 
Alexander C. Cook 
A thesis submitted for the degree of Doctor of Philosophy 




I certify that this thesis has been composed by me and, unless otherwise stated, the work 
presented was performed by me in the Chemistry Department of the University of 
Edinburgh. 




The heterogeneous gas/solid enantioselective hydrogenation of methyl pyruvate over 
cinchonidine modified supported platinum catalysts (the Onto reaction) in a differential 
flow system was studied using Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) and capillary gas chromatography. The reaction was studied 
over a temperature range of room temperature to 160 °C. The adsorption of methyl 
pyruvate on a Pt(i ii) single crystal has also been studied using Reflection Adsorption 
Infrared Spectroscopy (RAIRS). 
DRIFTS spectra are presented showing that methyl pyruvate adsorbs on Pt/alumina 
catalysts principally via the keto-carbonyl (Ti adsorption mode). At room temperature, 
methyl pyruvate adsorbs on the unmodified catalyst in a Ti mode with the keto-carbonyl 
forming a carbon-oxygen-metal bond (COM), with a slight preference for the trans 
conformer. Over the modified catalyst at room temperature, methyl pyruvate adsorbs 
with a strong preference for the T1—ciscoM mode. Other modes of adsorption are 
observed: a cis bidentate mode utilising both carbonyls; a trans mode using the keto-
carbonyl and the ester oxygen; and Ti adsorption via the keto-carbonyl lone-pairs. As 
the temperature is increased, these additional modes increase in population. 
The unmodified reaction was found to be temperature independent over the range studied 
while the modified reaction showed changes in conversion and enantioselectivity. The 
deactivation of the modified reaction is discussed in terms of an enantiodirecting function - 
of the modifier and a ligand accelerating function. The enantiodirection decreases above 
room temperature, while the rate-enhancing ligand acceleration is stable up to 100 °C. 
Above 100°C, it is proposed that the modifier destructively hydrogenates producing 
non-volatile side-products that block the active catalyst sites. Possible side-reactions and 
products are also discussed. 
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Chapter 1 - Introduction 
Chapter 1 - Introduction 
1.1 - The ImDortance of Enantionure Chemicals 
The industries involved with agrochemicals, pharmaceuticals, flavours and fragrances are 
all coming to realise the importance of synthesising optically pure compounds. Some 
enantiomers in their condensed or crystalline states can have different physical properties 
compared to their racemic mixtures, because optically active molecules interact 
differently with other optically active molecules. With reference to pharmaceuticals in 
particular, many of the enzymes in the human body interact differently with different 
enantiomers of the same compound. A trivial example of this is the molecule limonene. 
One enantiomer smells of oranges, the other of lemons.' 
However, not all cases are quite so inconsequential. It has become more obvious over the 
years that the 'wrong' enantiomer can be at best a waste of reactants, and at worst 
actually do harm, outweighing the advantageous effect due to the desired enantiomer. 
The most well-known example is the drug thalidomide. The R-isomer of thalidomide is 
an effective sedative, however the drug was sold as a racemic mixture, and it was later 
found that the S-isomer is a very strong teratogen. The terrible birth defects caused by 
the drug gave some of the impetus to today's search for methods of producing optically 
pure chemicals.2 '3 Other examples include dopa (3,4-dihydroxyphenyl-alanine), where 
the S-enantiomer has an anti-Parkinson's effect and the R-enantiomer causes 
granulocytopenia, a severe eye disease; and penicillamine, where the S-enantiomer is 
antiarthritic and the R-enantiomer is a mutagen. 4 
From these examples, it is not difficult to see why the production of enantiopure 
compounds is necessary. It is also economically important, in addition to the reduction of 
unwanted side-products (i.e. the unwanted enantiomer). In 1991, the market for resolved 
chiral agrochemicals was US$ 0.7bn, and this will have greatly increased by the present. 4 
The use of catalytic methods to greatly reduce the waste and costs of fine chemicals 
production has become more important, not just for economic, but also for environmental, 
reasons. 3;5-7 
1 
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1.2 - Enantioselective Catalysis 
There are many different methods for producing a chiral compound, but they all have one 
thing in common - the reaction must take place in a chiral environment, using a chiral 
substrate, reagent or catalyst. Enantioselective catalysis is commonly achieved using 
homogeneous catalysts, which have excellent selectivity but are problematic in 
large-scale industrial production .7  The use of heterogeneous catalysts greatly simplifies 
industrial processes as removal from the reaction medium is straightforward and allows 
uncomplicated handling and re-cycling. 6;8 
However, heterogeneous, supported metal catalysts are not normally chiral in nature, so 
reactions carried out using such catalysts produce a racemic mixture. Chirality may be 
induced in the catalyst by either using a chiral support for the catalyst 9 or by adsorbing a 
chiral modifier onto the active phase of a conventional metal catalyst.' ° The latter area 
has been, and continues to be, the subject of much investigation, specifically the 
asymmetric hydrogenation of ketoesters. Nickel modified by tartaric acid was first 
reported in 1964 for the enantioselective hydrogenation of 13-ketoesters. The first report 
of asymmetric hydrogenation of a-ketoesters using modified platinum catalysts came in 
1979, from Onto, Niwai and Imai' 1-13  and has been described as "the most successful 
laboratory-scale heterogeneous enantioselective catalytic system studied to date". 
14 
Unmodified platinum catalysts can be used for the hydrogenation of a-ketoesters to 
produce the racemic mixture of the alcohols (Figure 1.1). However in the Onto reaction, 
the platinum catalyst is modified by the cinchona alkaloid cinchonidine (Figure 1.2a), the 
R-(+)-lactate is found in excess, and when cinchonidine's near-enantiomer, cinchonine, 
(Figure 1.2b) is used the S-(-)-lactate is produced in excess. The two modifiers contain 
an aromatic quinoline moiety attached to an aliphatic, bicyclic quinuclidine ring system 
through a hydroxy bearing carbon. Other similar cinchona alkaloids have also been 
used. 15;16 
It has been found that as well as inducing enantioselectivity in the product the use of the 
modifier also enhances the rate of reaction by anything up to 100-fold. The yardsticks of 
success in this reaction are both the rate and the enantioselectivity. They are found to be 
2 
Chapter 1 - Introduction 




HOH 	 HOH 
H3COCH3Pt + H 23, 
 H3C(CH3 + H3C(CH3 
0 0 	 0 
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very dependent on a variety of factors involved in the preparation of the catalyst materials 
and the procedures involved in the reaction itself. 2"79 
In the search for faster rates and higher enantioselectivities, many different permutations 
of the initial conditions have been tried and tested: catalyst metals, supports, modification 
procedures, reaction solvents, modifiers and other reaction conditions. 
Platinum has been the most effective catalyst metal in the Onto reaction, although others 
have been used.20 While ruthenium and nickel were ineffective, iridium displayed similar 
characteristics to that of platinum; however, it was less selective and much less active. 
Indeed in some cases, the reaction was more active in the racemic, unmodified form. 22 
Interestingly, when palladium was tested, it was found that it has different selectivities, 
and can continue the reaction to different products. Modified palladium was found to 
produce the S-enantiomer of the pyruvate when modified by cinchonidine, in direct 
contrast to platinum. The hydrogenation of ketoisophorone continued past the CO 
hydrogenation and also hydrogenated a C=C bond. Palladium has been found to be more 
Chapter 1 - Introduction 
likely to hydrogenate C=C bonds rather than the C=O bonds that are broken over 
platinum? 4 
With the more effective platinum catalysts, particle sizes and dispersions have been 
investigated, with the best results for catalysts with a 20% dispersion and particle sizes 
greater than 2 nm. 25 The fact that smaller particle sizes are not as effective as the larger 
particles has led to the suggestion that the relatively flat, low index planes of the metal are 
more efficient for the adsorption of the modifier. ' 656 However, other researchers have 
claimed that the corner and ad-atoms are the active sites on the catalyst. 27 
The platinum catalysts have been investigated with various supports; the most common 
are silica' °8 and alumina. 293° Carbon3' has been used and, more recently, zeolites. 20 
Colloidal platinum and palladium catalysts were found to be less effective than silica or 
alumina catalysts .32  Platinum/clay catalysts have given respectable (-50 %) 
enantioselectivities33 and polymer supports have been used to produce high 
enantioselectivities. 3435 
The pre-treatment of the catalysts has also been shown to affect the reaction process.' 036 
The catalysts have been pre-reduced at various temperatures under hydrogen with the 
higher temperatures proving more effective. The basic modification procedure is still 
similar to that followed by Onto et al.37 who reduced the catalyst in hydrogen, then 
stirred the catalyst in a modifier solution for 18 hours. However, since then the 
modification procedure has been simplified; one hour of stirring was found to be 
sufficient, 19 although the modifier can be added to the reaction solution without 
pre-modification with good results. 38 
It initially appeared that catalyst-modifier system must be exposed to air prior to the 
reaction, or all enantiodirecting behaviour is lost. Anaerobic modification resulted in 
significantly less selective catalysts and the system did not work much differently from 
using an unmodified catalyst. 13  However, more recently, prolonged exposure to air has 
been reckoned unnecessary, as dissolved oxygen in the solution containing the modifier 
appears to be sufficient . 39 The reason that is given for the need to introduce oxygen to the 
system is that it is needed as a strong co-adsorbent, to prevent the poisoning of the 
catalyst by the modifier. However, other compounds have been successfully used as co- 
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adsorbents, including propyne, nitrous oxide, ethyne and buta-1,3-diene' ° and, as 
discussed above, pre-modification is not always necessary. 38 
Various solvents have been used, both as the reaction medium and solution for the 
modifier. Among these, acetic acid has proved to be particularly effective, followed by 
toluene, and then ethanol as the enantioselectivity was found to increase with polarity of 
the solvents.20 Methyl acetate has been suggested as an ideal solvent, because it does not 
adsorb strongly onto the catalyst, thereby leaving more active sites open to the reagents. 39 
Finally, supercritical ethane has been used with great effect; the reaction time was 
significantly reduced compared to the more common toluene reaction. 40 
Initial studies of a cinchonidine-modified catalyst under hydrogen found that at low 
concentrations of the modifier the quinoline ring system was partially hydrogenated, as 
well as the vinyl group on the quinuclidine ring system. At higher concentrations, there is 
less reduction at the quinoline ring, but the vinyl group is still hydrogenated to an ethyl, 
forming 10,1 1 -dihydrocinchonidine. This hydrogenation also occurs during the reaction, 
which could explain the initial acceleration of hydrogen uptake and subsequent 
improvement of optical yield that has been observed for cinchonidine modified catalysts. 
Dihydrocinchonidine has been found to be a better modifier, with increased 
enantioselectivity and rate .4 ' However, saturation points in the rate curves were reached 
at the higher concentrations; for example using a Pt/alumina catalyst, maxima in the rate 
curves were found at approximately 2mmollL concentrations of cinchonidine in both 
toluene and ethanol 42 
Systematic variation of the modifier has been used to see which functional groups are 
responsible for the enantiodifferentiation of the reaction. Cinchonidine and cinchonine 
are only different in absolute configuration at the two carbon atoms connecting the 
quinoline ring to the quinuclidine ring, C 9 and C8. Variations of the substituents at C 9 in 
cinchonidine always give the R-(+)-lactate, but a high optical yield is only possible if the 
attached substituent was either OH or OCH 3 . 25 Alkylation at the nitrogen in the 
quinuclidine ring leads to complete racemisation of the product, so this substituent is also 
essential to the modification of the catalyst. 25  An oxide substituent at this point is 
probably reduced very quickly, after which the modifier acts just like 
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of the quinolme nucleus lowers the optical yields. Partial hydrogenation of the ring 
system has been observed under reaction conditions, but it is too slow to affect the 
enantioselectivity. 258 
Wells and co-workers used several different alkaloid modifiers in one series of reactions, 
cinchonidine, codeine, 7,8-dihydrocodeine, brucine and strychnine (Figure 1.3). These 
alkaloids were chosen because, like cinchonidine, they contain an aromatic moiety 
capable of interaction with the metal surface, and an aliphatic N-atom that is thought to 
assist in the enantiodirecting, or rate enhancement. They discovered that only codeine 
gave rates comparable, indeed greater, to that of cinchonidine, in the case of 
hydrogenation of butane-2,3-dione to 3-hydroxybutan-2-one. All gave very low 
enantiomeric excesses in favour of the S-enantiomer. 43 









Strychnine - R 1 = H 
Brucine - R 1 = OMe 
?H 3 
.0 	H 
 N—CH3 HO" 
	 - 
H 
Di hyd rocodei ne 
6 
Chapter 1 - Introduction 
These studies, and others in the literature, appear to indicate that there are three important 
parts of the modifier structure to consider: 
The anchoring part - the flat quinoline ring system whereby the modifier 
is adsorbed on to the catalyst via 7t-bonding. 
The stereogenic region - the C8 and C9 area of the alkaloid that 
determines the chirality of the product. 
ifi) 	The tertiary quinuclidine -N that is directly involved in the modifier- 
reactant interaction. 
Other reaction conditions also affect the rate and enantioselectivity. The reaction was 
found to be insensitive to hydrogen pressure over a range of 3 - 10 bar. The same authors 
later reported that over a larger pressure range, 10 - 110 bar, only a weak maximum was 
observed in the optical yield, at around 50 bar, so the reaction is relatively insensitive to 
pressure. 19 Temperature, on the other hand, plays a very important part in the efficiency 
of the reaction. It is unaffected by temperature between 167 and 302 K, but undergoes a 
drastic reduction in enantioselectivity and rate above 322 K. This catastrophic effect of 
temperatures above 320 K has been reported to hold true for all the various different 
permutations of the reaction.' 9 ' 44 
1.3 - The Enantiodirectin2 Mechanism 
Many of the general characteristics of the system have come to light over the past twenty 
years since Onto's seminal paper. Most of these characteristics have been rather 
exhaustively investigated by several groups, and they have all reached similar 
conclusions. The reaction has been extended to encompass other reactants, modifiers and 
catalysts, with varying degrees of success. However, the mechanism of the rate increase 
and enantiodifferentiation has not been fully explained, and has indeed been the subject 
of much debate in recent years. There is general agreement that the addition of hydrogen 
to the ketonic carbonyl occurs, in common with most hydrogenations, in a two-step 
fashion. The disagreement between different groups occurs over whether the first 
hydrogen addition occurs to the oxygen as a proton, or to the carbon as a hydride. Which 
of the additions is the rate determining step is also part of the debate. 224345 ' 46 
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Wells and co-workers proposed the first mechanism; they suggested that the cinchonidine 
adlayer formed a 'template' on the platinum surface. 13  It was suggested that the 
cinchonidine was adsorbed onto the platinum surface by its quinolme ring in a non-close 
packed array, leaving shaped areas of the metal exposed. The methyl pyruvate molecule 
would then only be able to adsorb onto the catalyst in such a fashion as to allow only the 
R-enantiomer to be formed .41 This model was inconsistent with the experimental data, 
and it was the authors themselves who eventually refuted this mechanism. Examination 
of LEED data showed that neither quinoline nor dihydrocinchonidine adsorbed in an 
ordered array onto a platinum surface. 47 Hydrogen isotope exchange studies of 
dihydrocinchonidine adsorbed onto platinum showed that the mode of adsorption relied 
on the it-electrons of the quinoline moiety. 22 The quinoline ring is probably aligned 
almost parallel with the platinum surface, with the influence of the lone pair of electrons 
on the N atom inducing a degree of tilt. 
The more recent mechanism proposed by the authors postulates that a hydrogen bond is 
formed between the quinuclidine N and the half-hydrogenated state of the pyruvate. The 
interaction was suggested to stabilise the reaction intermediate against H atom loss. This 
would have the effect of increasing the steady state concentration and therefore rate of 
conversion to the product in the assumed rate-determining step. The hydrogen bond with 
the modifier would also affect the positioning of the second hydrogen atom on the 
intermediate, thus inducing the enantioselectivity. Figure 1.4 shows a schematic 
representation of the alkaloid stabilising the transition state of the pyruvate. 48 
H 
C OH 
I * 	 CH(11 	
o * 
Baiker and co-workers have used molecular modelling techniques to study the supposed 
1:1 complex formed. between the modifier and the pyruvate molecule. The alkaloid mode 
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of adsorption was based on the interaction of the quinoline it-electrons with the platinum 
surface. The methyl pyruvate mode of adsorption was assumed to be similar to that of 
other carbonyl containing molecules. The molecule would adsorb in a planar 
conformation due to the interaction of the two carbonyl moieties with the platinum 
surface. It is expected that the carbonyls would remain in the trans configuration, which 
is the lowest energy state for the molecule in solution. The N atom on the quinuclidine is 
normally protonated in a polar solution, such as acetic acid, and the suggested modifier-
reactant complex formed uses a hydrogen bond between the protonated N and the ketonic 
carbonyl. It was found that the proposed precursor to the R-enantiomer interacts in such 
a way as to allow the modifier-reactant hydrogen bond, without interfering with the Pt-
carbonyl interaction. The S-enantiomer precursor would exhibit steric hindrance for this 
adsorption mode. Figure 1.5 shows these precursors. 2 When cinchonine is used as the 
modifier in the reaction, the R-precursor is sterically hindered, and the S-precursor is 
more favoured. 
Figure 1.5— Complexes of adsorbed cinchonidine and methyl pyruvate, proposed 
by Baiker et al. 44  
However, the quinoline N atom is not always protonated, and in this case, the authors 
proposed a similar stabilisation of the half-hydrogenated state as that suggested by the 
Wells group. The proton source for the stabilisation of the interaction between the 
pyruvate and the modifier may change according to solution. in acetic acid, the solution 
itself supplies the proton, or in an aprotic solvent (e.g. toluene), the proton may come 
from dissociatively adsorbed hydrogen. The authors have used the information provided 
9 
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by the molecular modelling to expand the range of effective modifiers and the scope of 
the reactants. 2,49 
Blaser and co-workers have taken their proposal for the mechanism from both of the 
above cases. They suggest that the pyruvate is adsorbed onto an unmodified Pt site, and 
then it migrates to a modified site due to the attractive interactions between the ketonic 
carbonyl and the protonated, quinuclidine nitrogen. The assertion is made that the proton 
for the N atom can come from dissociatively adsorbed hydrogen just as easily as from 
solution. Fast transfer of the proton occurs to the oxygen of the carbonyl, followed by the 
slower addition of the second hydrogen and then desorption. 4250 
Two groups have concentrated on radically different mechanisms to those described 
above. Margitfalvi and co-workers have proposed that the pyruvate forms a complex 
with the aromatic ring of the modifier in solution. This complex then adsorbs onto the 
catalyst surface where it is hydrogenated. The model is based on the results of molecular 
modelling calculations. They have assumed that the enantiodirecting effect comes from 
steric 'shielding' by the quinoline moiety. The rate acceleration comes from increased 
reactivity of the ketonic carbonyl due to the nucleophilic attack of the quinuclidine 
nitrogen, and the presence of an electron-withdrawing group near the ketone group. 5 ' 
This group has gone further to say that the role of the modifier is similar to that of chiral 
templates in homogeneous organic chemistry; it forms a 'host-guest' supramolecular 
interaction. This supramolecule maintains its integrity throughout the catalytic step. 52 
Augustine and co-workers have looked at the presence of ad-atoms and corner points on 
the catalyst surface in the attempt to explain the mechanism. They have stated that the 
modifier is adsorbed via either the it-system or the nitrogen of the quinoline. The 
modifier is assumed to be close to a Pt ad-atom on which both the reactant and the 
hydrogen are adsorbed. The nitrogen of the quinuclidine again interacts with the ketonic 
carbonyl, but now the hydroxy of the alkaloid is interacting with the ester of the reactant 
forming a six-membered ring. The first hydrogen is transferred from the side away from 
the modifier, conferring the enantioselectivity of the system. 44 These workers have also 
examined the possibility that one of the lactate enantiomers could act as a co-modifier, 
due to the initial increase in enantioselectivity common to the start of these reactions. For 
a cinchonidine modified catalyst, addition of the S-lactate caused a slight decrease in 
10 
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enantioselectivity, but addition of the R-lactate caused a much larger decrease. These co-
modifiers had no effect on the racemic reaction, as the production of S-lactate was only 
slightly affected. 53 
The only thing that these models all have in common is the assumption that the ketonic 
carbonyl is interacting, via some mechanism, with the quinuclidine nitrogen of the 
modifier. This is held to be the essential point in conferring enantiodirection to the 
system. 
11 
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Chapter 2— Experimental Theory 
2.1 - Introduction 
This chapter covers the theory of the experimental techniques used in this research. It 
begins with the infrared spectroscopies which were the main techniques used for both the 
supported catalyst and the single crystal studies and continues with a discussion of 
capillary gas chromatography, which was used in the supported catalyst work. The other 
technique discussed is from the single crystal studies in an Ultra-High Vacuum (UHV) 
system - Auger electron spectroscopy (AES). 
2.2 —Infrared Spectroscopy 
Electromagnetic spectroscopies must involve some interaction with either the electric or 
the magnetic component of the molecules that affect the incident radiation. In the case of 
infrared spectroscopy, the radiation interacts with the vibrational modes of the molecules. 
The transitions between normal vibrational modes of molecules generally have an energy 
that is equivalent to radiation in the infrared region of the electromagnetic spectrum (400 
- 4000 cm). 5455 
A molecule of N atoms has 3N degrees of freedom, as 3 coordinates can specify each 
atom independently of the rest. The molecule has 3 translational degrees of freedom; it 
can move anywhere in space without changing shape. Molecules also have 3 rotational 
degrees of freedom; they can rotate about the three Cartesian axes without changing 
shape. The only motions left to the molecule are internal vibrations, so a molecule of N 
atoms has 3N-6 different internal vibrations, also known as fundamental vibrations. An 
exception to this would be a linear molecule; it cannot rotate about the bond axis and so 
has 3N-5 vibrational degrees of freedom. 
Transitions occur between different vibrational energy levels in an harmonic oscillator 
according to Equation 2.1 (where E is the energy of the vibrational energy level, m is 
the oscillation frequency, and v is the vibrational quantum number, v = 0,1,2,3,4...). 
E = + 	 2.1 2) 
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However, molecules are not harmonic oscillators. At sufficiently high values of v the 
molecule will dissociate as the bond length, r, is stretched beyond about 10% of the 
equilibrium bond length, r. This behaviour can be described empirically by the Morse 
potential (Equation 2.2 and Figure 2. 1), where a is a constant for a particular molecule. 
E = Deq  [1. - exp {a(r q - r 
)}}2 	
2.2 
Figure 2.1 - The Morse Curve 
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Using the Morse potential, the description of the energy levels becomes Equation 2.3. 
E =(V+_)lZTe _ (V+_) MIX. 
	 2.3 
Xe 1S the anharmonicity constant, which is small and positive, and, as v increases, the 
separation between the levels decreases. Equation 2.3 is an approximation, there are also 
Deq 
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cubic, quartic and higher power terms in the expression, with corresponding 
anharmonicity terms. However, these only become important at very high values of v. 
The interaction of infrared radiation and the vibrational modes of molecules is based on 
the dipole moments of the molecules. The electric component of the radiation interacts 
with the dipole moment, t4 and induces a transition between a lower and a higher 
vibrational energy level. If the vibrational wave functions are t' and , respectively 
and the displacement of internuclear distance from equilibrium, r - r, is x, then the 
transition moment is given by 
R, = fyf ~', p yf "dw 	 2.4 
The scalar square of the transition moment is the transition probability. For a 
homonuclear diatomic molecule, the dipole moment is zero, meaning that the transition 
moment is also zero. However, for a heteronuclear diatomic molecule, and other 
heteronuclear molecules, the dipole moment is non-zero and varying with x. The dipole 
moment can be expressed as a Taylor expansion with x, Equation 2.5. Substituting 
Equation 2.5 into Equation 2.4 gives Equation 2.6. 
(dp 	1(d21;) 
 2  P _ Pe+Il x+ 
 dx )e 2! 
dX2 
(dp) 
 fxidx+... 	2.6 
The vibrational wave functions are orthogonal to each other so if V ' # 1'" then the first 
integral in 2.6 is zero. The transition moment is therefore: 
R =  
(4P--) e 
fV/x yidx +... 	 2.7 
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This is non-zero if A v = ±1,±2,±3,..., the selection rule for vibrational spectroscopy. 
This means we can observe absorption bands between V = 0 and v' = 1,2 313..... 
Transitions with A v> ± 1 are also theoretically possible, but they generally have such 
weak absorptions that they are not observed. In practice, the transition from 0 to I is 
normally seen, and is known as the fundamental vibration, with transitions from 0 to 2 
and 3 known as the first and second overtones. The selection rule also allows for 
transitions from states other than the ground state, but the populations of the higher state 
are related to temperature by the Boltzmann distribution, Equation 2.8. N is the 
molecular population of the different energy levels —0 and v. Only when the system is at 
higher temperatures are these 'hot bands' visible. 
N 	1 —=exp— Ev-- 
N0 kT 
2.8 
Most of the atomic vibrations of most molecules will involve some change in the dipole 
moment, whether a skeletal vibration or the vibration of a functional group, and so there 
will be a corresponding absorption frequency in the infrared. Studying these 
characteristic absorptions can lead to the identification of the moleôule in question; or by 
studying changes in the spectra, with the sample under differing conditions, information 
can be obtained about the chemical environment of the sample, at a molecular level. 
2.3 - Fourier Transform Infrared Spectroscopy 
Fourier Transform infrared (FTIR) spectrometers led to higher signal-to-noise (SNR) 
ratios, speed and wavenumber accuracy compared to earlier dispersive instruments. SNR 
ratios of better than 1000 were made possible, with 2-4 cm' resolution, in just one 
scan. 54;56-59 
Fourier Transform spectrometers most commonly use Michelson interferometers to 
enhance the speed and sensitivity of the scanning. These interferometers were derived 
from Michelson's attempt to measure the "ether wind" by determining the velocity of 
light in two perpendicular directions. Figure 2.2 shows a schematic diagram of a 
Michelson interferometer. 14 
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Figure 2.2 - Schematic Diagram of Michelson Interferometer 54 
To sample 
and detector 
A parallel beam of radiation is directed from the source onto the beamsplitter B. The 
beamsplitter is a flat plate of a suitably transparent material with a thin coat of reflective 
material that transmits 50% of the incident radiation and reflects the other 50%. In the 
case of the Bio-Rad FTS40 and FTS6000 spectrometers, the beamsplitters are 
germanium-coated potassium bromide plates. 
At the beamsplitter, B, half of the incident radiation is reflected to the stationary mirror, 
M,, and the other half transmitted to the moving mirror, M 2 . These two beams are then 
reflected back to B, recombined and redirected onto the sample and detector (less that 
which, obviously, returns to the source). If monochromatic radiation is used, the 
recombined beam leaving B will show constructive or destructive interference, depending 
on the different path lengths, BM 1 and BM2. If BM I and BM2 are equal, the two beams 
will reach the bearasplitter in phase, and will result in the maximum signal reaching the 
detector. This is the zero retardation position of the moving mirror M2. As M2 is moved 
back and forth through the zero retardation position, the resultant beam at B will pass 
through a series of maxima and minima as the two beams move in and out of phase with 
respect to each other. 
16 
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If a monochromatic source is used, then the interference beat pattern produced is a simple 
cosine function. A maximum will be seen each time that the retardation is an integral 
multiple of X. If the retardation is S and the intensity of the source is 1(v) then the 
intensity of the signal at the detector is given by Equation 2.9. 
i'(s) = O.5I(i7){1 + cos2ff 
2J 	 2.9 
i'(s)= O. 51(v){1 + cos2rVS} 
Equation 2.9 can be split into two components: the constant component of 0.51(V), and 
the modulated component of 0.510cos 2ff178. The latter component is that which 
forms the interferogram, i(s). However, this only really applies to an ideal instrument; 
there will always be instrument characteristics that affect the amount of signal reaching 
the detector and frequency-* dependence of the detector itself. Putting an instrument- 
based, frequency-dependent modifying factor, H(V) into Equation 2.9 leads to Equation 
2. 10, where B(i7) is equal to 0.5H(i7)I(i7). 
	
i(s)= B(7)cos2rV5 	 2.10 
However, for FTIR, a source is used that emits all of the infrared frequencies 
simultaneously; in the case of the two spectrometers used in this work, the source is a 
resistively heated and water-cooled silicon carbide rod. The resultant interferogram will 
be the summation of many cosine functions with different frequencies, corresponding to 
all of the frequencies of the incident radiation with a distinct maximum corresponding to 
the zero retardation point of the mirror. This relates to all of the cosines reaching the 
detector in phase (Figure 2.3). The signal attenuates rapidly either side of the zero 
retardation peak as the cosines become increasingly out of phase. 
Using a continuous source means that the interferogram is represented by an integral 
(Equation 2.11) and this is the cosine Fourier transform of B(V) (2.12). 
i(s)= JB(v)cos22ri7S.di7 	 2.11 
B(i7)= JI(8)cos27ri7S. dS 	 2.12 
-10 
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Fast Fourier Transform (FFT) is a method of calculating an integral in a Fourier pair by 
summing the interferogram. In the case of Equation 2.12, this involves summing over the 
whole range for equal and discrete values of retardation. A reference beam from a HeNe 
laser is used to calculate exact intervals of the interferogram. This acts like the 
monochromatic source in Equation 2.9 and gives very sharp intereference fringes; these 
fringes allow accurate measurement of the mirror retardation and the frequency of the 
transformed spectrum. Using a laser to calculate the frequencies of the radiation enables 
great accuracy; this increased accuracy over dispersive instruments is known as Connes 
advantage. Figure 2.4 shows a FFT of the interferogram in Figure 2.3; this type of 
spectrum is usually referred to as a single beam. 
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As the frequencies measured are a function of the retardation, the resolution of the spectra 
is also a function of the retardation. The integration in Equation 2.12 is from +oo to -x, 
but it is obvious that retardations of co are impossible; a limited retardation gives a limited 
resolution: 
AV. =L cm' 
	
2.13 
A maximum retardation also means that Equation 2.12 must now include a truncation 
function: 
B(i7)= JI(8)D(8)cos2ri7S . d8 	 2.14 
Where D(ö) = I 	if 	-A < 8 <+A 
D(S)=O 	if 	+A<<-A 
The Fourier transform of D(ö) is shown in Equation 2.15. 
fØ7)=2A. sin(2,ri7A) = 2A sinc(2A) 	2.15 
2,zi7A 
This truncation, enforced by the limits of the retardation, has another effect: distortion of 
the line shapes in the spectrum. These distortions are shown as secondary minima of the 
line shapes, and they can be counteracted by a process known as apodisation. 
Apodisation functions suppress these side-lobes by weighting the interferogram. 
Triangular apodisation function is the most commonly used function with infrared 
spectroscopy because it generates an instrument line shape similar to that generated by 
dispersive instruments. Equation 2.16 shows a triangular apodisation function to be used 
in place of D() along with its Fourier transform, Equation 2.17. A more complete 
discussion of apodisation can be found in Griffiths (1975). 17  
Where A 1 (8) = 1— —I 	if 	-4 < 5< +zl 	2.16 
A,(8)=O 	if 	+A<<-A 
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As well as increased accuracy compared to dispersive instruments, FTIR instruments are 
also more sensitive. This is due in part to the more sensitive detectors routinely available 
with modem instruments, but the use of interferograms to collect the spectra has two 
advantages over normal dispersive spectrometers, in addition to the Connes advantage. 
The Jacquinot's, or throughput, advantage is based on the increase in throughput of a FT 
spectrometer compared to a dispersive instrument. In dispersive instruments, energy is 
"wasted" at the exit slit in increasing amounts at increasing resolution, but in FT 
instruments, all of the energy available can be observed all the time. The increased signal 
available at the detector leads to an increased spectral SNR. However, this advantage is 
not large, and is dependent on resolution. At medium resolution (2cm), there is little 
difference between dispersive and FTIR instruments. 57 
The other, and larger, advantage of FTLR is known as the Fellgett, or multiplex, advantage 
of interferometry. This is due to the ability to measure all of the radiation across the 
whole frequency range simultaneously, rather than scanning each individual resolution 
element in turn. So for each of n spectral elements on a dispersive instrument, n whole 
spectra can be co-added in the same time. This leads to an increase in sensitivity of 4n.60 
2.4 - Infrared Studies of Catalysts 
Infrared spectroscopy is a very useful technique for studying catalysts and their 
adsorbates. In addition to the chemical fingerprinting ability of IR, the samples can be 
prepared relatively easy, and there is a minimum of workup required for analysis of the 
spectra. High temperatures and pressures, similar to those that the catalyst might 
experience in use in industrial processes can be employed. 
The first application of transmission IR for surface characterisation was in the 1940s. 
Teranin and other Russian scientists studied silica, silica-aluminas, and their adsorbates, 
with a view to 'solving the nature of the interaction between adsorbed molecules and 
hydroxyl groups on the surface of oxides. 6 ' In the 1950s, Eischen etal. 62-64  took forward 
the technique as it applied to adsorbates on supported metal catalysts. They used 
transmission infrared spectroscopy, for studies of supported metal oxides. The increase 
in catalyst systems and improvement in infrared techniques has led to an expansion of 
this field with studies being made on many different systems. 60;61 
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Figure 2.5 - Transmission Light Path 
For the study of solids in transmission IR, the solid can be dissolved in a suitable solvent, 
creating a suspension, or 'mull', in paraffin oil (nujol); or pressed into a disc with ER-
transparent KBr. All of these techniques involve moving further away from the reality of 
an industrial catalyst, so the most common technique employed in the ER study of 
catalysis involves compressing a fine powder of the catalyst into a disc. The discs are 
usually 10-25mm in diameter and contain 10-50 mg/cm 2 of catalyst. The light is directed 
onto the disc (Figure 2.5) and the spectrum is recorded by observing the transmitted 
beam. A proportion of the light incident on a pressed disc will be scattered by multiple 
reflection or diffraction, therefore the discs must be very thin (-100 gm) to prevent loss 
of transmission due to scattering or even support absorption. Absorption by the support 
can be very significant, particularly depending on the size of the IR 'window'. Silica 
supports, for example, are IR opaque below —1300cm' due to silicon-oxygen absorption, 
and have several absorbing lattice vibrations below 2000cm 1 . The transmittance of the 
sample at a given frequency is given by T(V). 10 (V) and 1(V) are the intensities of the 






T(V) varies with frequency, with a minimum at the frequency of an absorption band. 
For a uniform sample, the transmittance at the peak minimum, T(V), can be related to 
the concentration of the absorbent, c, and the sample thickness, d, by the Beer-Lambert 
law, where c is the molar extinction coefficient (Equation 2.19). 
T(i7)= exp{-ad} 	 2.19 
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Rather than using the exponential of the concentration, it is more common to work in the 
terms of absorbance. Equation 2.20 shows the relationship between transmittance and 
absorbance. 
A(P)= -in1T(V)j= ad 	 2.20 
In a catalyst, an absorbing functional group may be in a number of bonding 
environments, resulting in broadening of the band. Broadening also arises from lateral 
interactions with neighbouring molecules, inhomogeneity of the sample and relaxation 
from molecular excited states. It is therefore common to use the integrated absorbance, 
A, between set limits, Equation 2.21. ë is the integrated absorption coefficient. A is 
the total absorbance, i.e. the combination of the absorbances for the catalyst and for the 
adsorbates. 
'72 	 V2 
A =  fA(P 7)dP7 
=J1n[b0]dV = ëcd 	 2.21 
The integrated extinction coefficient may be coverage-dependent or a constant, depending 
on the nature of the adsorbate. For vibrations of the catalyst lattice or functional groups 
at the catalyst surface, ë is normally assumed to be a constant, independent of layer 
thickness. However, Winslow and Bell have shown ë to be coverage dependant for CO 
adsorption on a supported ruthenium catalyst. At low coverage, ë was constant, but, due 
to lateral interactions between the adsorbate molecules as the coverage increased, ë 
decreased. 60 '65 
The intensity of the transmitted beam can also be reduced by scattering from the catalyst 
particles. For Rayleigh scattering of light, the amount of scattering, S. is dependent on 
particle size, d, and frequency (Equation 2.22). To avoid excessive scattering, particles 
of less than one micron diameter are used. 60 
Scdi7 4 ci 	 2.22 
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The main disadvantage to transmission infrared spectroscopy is the requirement to create 
pressed discs of the catalyst. Some compounds do not make very good pressed discs for 
transmission studies - too thin and they will crumble and too thick and no transmission of 
the light is possible (e.g. Ti0 2, some zeolites). This problem can be overcome by using a 
mixture of the compound of interest and IR-transparent KBr. However, this can lead to 
difficulties in reproducibility as well as hindering the validity of in situ results. Using 
pressed discs also interferes with in situ kinetics studies, as the compressed disc generally 
has lower porosity compared to the catalyst powder due to the high pressures often 
required to form the disc. This can inhibit the flow and diffusion of the reactants. 66  The 
reduction in transmission due to scattering, discussed above, can also lead to difficulties, 
as can the generally strong IR absorption of many supports. 67 
There are other infrared techniques for the study of high-area supported catalysts. 
Attenuated total reflectance (ATR) spectroscopy and infrared emission spectroscopy have 
both been used, but have many disadvantages that have reduced their applicability. 6068 
Photoacoustic spectroscopy has also been used, but will not be discussed here. More 
detail can be found in the Bell review in Vibrational Spectroscopy of Molecules on 
Surfaces.60  Diffuse reflectance infrared spectroscopy (DRS) has been a very successfully 
applied to the study of catalysts, and will be discussed in the next section. 
2.5 - Diffuse Reflectance Spectroscopy 
Infrared radiation incident on a powdered sample can interact with the sample in various 
ways; these include transmission, absorption, reflection, refraction or scattering. In DRS, 
the radiation is focussed onto the powdered sample in a shallow cup. Several types of 
reflection occur at the surface. 
Light reflected from the top surface of the sample, as if it were a flat mirror is governed 
by the Fresnel equations. For incident radiation perpendicular to a flat surface, the 
reflection intensity coefficient, R, is given by Equation 2.23. Both n and k are from the 
complex index of refraction, ñ, Equation 2 .24 .69 
	
R=1l' 	 2.23 
(n+1)+n2k 2 
ii =n+ik 	 2.24 
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If the sample absorbs (i.e. k :# 0), the absorption has an effect on the amount of Fresnel 
reflection near the absorption frequency. Where the absorptivity is low, anomalous 
dispersion bands can be seen; where the absorptivity is large, a large reflectance 
maximum occurs. These large maxima are known as resistrahien bands.69 
Where the particle size is less than that of the incident beam, Fresnel equations are not 
sufficient to define the reflectance. Reflection from the top-most layer of the sample, 
where the angle of incidence is equal to the angle of reflection is known as Fresnel or 
specular reflection. This radiation only interacts with the surface once and contains little 
or no spectral information about the sample. Where the particle size is comparable with 
the wavelength of the radiation, the radiation interacts with the particles in the bulk of the 
material. It undergoes absorption, refraction and diffraction by the particles to varying 
degrees. This is known as diffuse reflectance. The angular distribution of the emergent 
radiation is independent of the angle of incidence. 69 ' 70 
The diffuse reflectance will comprise radiation from two methods of reflection. Diffuse 
Fresnel reflectance does not refract through a sample particle, and is essentially off-axis 
specular reflection. Radiation will also interact more strongly with the bulk of the 
material and refract through the sample particles. This component of the diffusely 
reflected radiation, sometimes known as Kubelka-Munk reflectance, will contain spectral 
information about the sample. In this work, diffuse reflectance will be taken to mean 
Kulbelka-Monk reflectance . 69 Figure 2.6 shows a schematic of the interaction of 
radiation with a powder. 
Figure 2.6 - Diffuse reflection light path 
Fresnel Reflection 
	 Diffuse Reflection 
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Generally, both specular and diffuse reflectance occur in all materials. The only way to 
remove the specular component is to dilute the sample with a non-absorber like KBr (for 
infrared radiation). The obvious problem with adding non-absorbers to a catalyst is the 
chemical effects that may occur during in situ analysis of a reaction. Additionally, a 
reference spectrum would be needed to ratio experimental spectra accurately, requiring 
additional experiments and a possible realignment of optics. 7 ' The angle of incidence of 
the radiation, the optics geometry, sample concentration and scattering characteristics can 
all affect the amount of specular reflection compared to the amount of diffuse reflectance. 
It is possible to reach an evaluation of the amount of specular reflection in a spectrum. In 
infrared spectroscopy, there is often a "cut-off' frequency: a low-frequency absorption 
band which renders the material IX opaque - silica and alumina have characteristic cut-
off frequencies of around 1300 and 1100 cm' respectively. While the diffuse reflectance 
will decrease to zero below the cut-off frequency, the specular reflectance will be 
unaffected. When aligning diffuse reflectance optics, it is advisable to obtain a single 
beam spectrum with the minimum of signal below the cut-off frequency, indicating that 
the specular reflection is at a minimum. In previous work discussed in Chapter 4,72  only 
one set of spectra was achieved with no specular reflection. However, this was never 
replicated and so minimisation of the amount of specular reflection was aimed for. 
2.5.2 - Kubelka-Munk Theory 
It is not possible to directly apply the Beer-Lambert law to diffuse reflectance 
spectroscopy. Diffuse reflectance cannot be measured directly, but is instead measured 
relative to a non-absorbing powder as a reference. 
The most common method used to described diffuse reflectance spectra is the 
phenomenological theory developed by Kubelka and Munk in 193 The theory was 
based previous work on radiative transfer by Schuster, and while other alternatives have 
since been presented, Hecht found that Kubelka-Munk (1(M) theory was still the simplest 
and most relevant treatment. 74 
KM theory relates sample concentration and scattered radiation intensity in a similar 
manner to the Beer-Lambert law of transmittance spectroscopy. Just as the Beer-Lambert 
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law is a limiting law, obeyed only in dilute solutions, so the KM theory is also a limiting 
law for similar reasons. It is an approximate solution to the radiative transfer for a 
medium which scatters isotropically. 74 
KM theory assumes that all the radiation within the sample can be resolved into two 
fluxes (Figure 2.7). J propagates in the positive x-direction and I in the negative x-
direction (diffuse). Fluxes in all other directions of the 'infinite' sample are assumed to 
return in the ± x-direction by scattering without absorption. Therefore, the changes in I 
and J over dx are given by Equations 2.25 and 2.26, where K and S relate to the losses 
due to absorption (molar absorption coefficient) and scattering respectively. 60 1 75 
Figure 2.7 - Schematic of the KM Approximations 
Incident 	 Remitted 
Flux Flux 
I I 
x = L 	










If R. is the specular reflectance of the sample surface, the boundary conditions are: 
1=10 	atx=L 
J=Rg I 	atx=O 
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Equations 2.25 and 2.26 can be solved to obtain an expression for R, the reflectance 
where x=L. 
2.27 
J a_Rg +bcoth(bSL) 
a=1+ 
Where 	SJ 
b = (a 2 _1) 
For a sample of "infinite thickness", the background reflectance is zero and, as coth(bSL) 
tends to unity, L tends to infinity, Equation 2.27 can be simplified to Equation 2.28. 
Fuller et al. showed that a sample cup depth of three to four millimetres is sufficient. 68 
Solving 2.28 for K/S gives the KM remission function, f(R), which relates the 
experimentally determined diffuse reflectance of an "infinitely thick" sample to K and S 
(Equation 2 .29) .60 -
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R< , is the absolute reflectance of the layer. In practice, a perfect diffuse reflection 
standard has not been found so & may be replaced by R'c,, a ratio of the total reflectances 
of the sample and a non-absorbing standard with high diffuse reflectance in the frequency 
range being studied. The remission function is useful as long as S is independent of V, 
so the only frequency dependence is due to K. For dilute samples in low absorbing or 
non-absorbing matrices, the coefficient K can be defined in terms of the molar 
absorptivity, 9, and the concentration of the adsorbate, c. 
K = 2.303ëc 	 2.30 
2.303ëc 
Thus 	f(R)= 	=Kc 	 2.31 
S 
Where 	 K'= 2.3030 	 2.32 
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From Equation 2.31, the KM remission function should vary linearly with sample 
concentration, and can be used for quantitive measurements for diffuse reflectance 
spectroscopy as the Beer-Lambert law is used for transmission spectroscopy. 60;68,69  Band 
intensities of CO on supported rhodium catalysts were found to be linear with 
concentration at low coverages, but deviate from KM theory at higher coverages. 67 
However, KM theory was developed when the sample to be studied is diluted in a non-
absorbing medium, which, as discussed earlier, is not the most useful method for the 
study of catalysts. The catalyst supports can influence the spectrum, particularly in the 
lower frequency range due to intense absorption of overtone and combination bands of 
the lattice modes of the support, increasing to total absorption below the 'cut-off 
frequency. 66 Further deviations from KM theory occur at higher analyte concentrations; 
the scattering coefficient is not based solely on the support and the absorption increases, 
which can lead to anomalous dispersion effeëts. 7074 For increased absorption, due to 
either increased absorbent or a more absorbing sample, the scattering will not be 
isotropic, as assumed for the KM function. 74 
The deviation from the KM theory over supported catalysts shows that there is no more 
validity in expressing the spectra in Kubelka-Munk units than in absorbance/ 
transmittance units. Indeed, it is often found that spectra plotted using the KM function 
exaggerate some stronger bands at the expense of weaker bands 70 and can cause band 
inversion if there are large amounts of specular reflection . 7 ' As a result, the DRS results 
in this work will be expressed as ratios, in absorbance units, of the catalyst and adsorbed 
reagents with the prepared catalyst following reduction. Van Every et al. 67 found that this 
was the more useful method. When using pure KCI as a reference, the absorption by the 
support, even in areas with no strong absorption bands, was found to mask weak 
absorption bands due to the adsorbates on the catalyst. 
2.5.3 - Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) 
Diffuse reflectance spectroscopy has been used for in situ studies of powders and turbid 
liquids in the UV-Vis region of the spectrum, but until the late Seventies, DRS in the IR 
was thought to be impractical. The reflected signal from powders in the JR region was 
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too low to allow practical signal to noise ratios (SNR) and the detectors routinely 
commercially available were not sensitive enough. However, the increases in sensitivity 
of spectrometers, and the advantages due to FTIR,, discussed above, have made diffuse 
reflectance infrared spectroscopy a common method for the study of adsorbates on 
catalysts. 
Diffuse reflectance infrared Fourier transform spectroscopy was first reported by Fuller 
and Griffiths when they coined the term DRIFTS. 68 They used a more sensitive FTIR 
spectrometer to show that the SIJR ratio and sensitivity were high enough to obtain DRS 
spectra in the infrared. Later studies have gone on to show that DRIFTS can be used to 
monitor heterogeneous reactions of gasses over solids, as proposed by Fuller and Griffiths 
in their seminal paper. 66;76-78 
The main advantages of DRIFTS over transmission IR spectroscopy are to do with the 
sample preparation. For transmission spectroscopy the catalyst must be compressed into 
a thin disc; the compressed wafers have poor porosity compared with the catalyst powder, 
reducing the effectiveness of in situ studies as the diffusion control of the reaction rates is 
altered.66 Additionally, the pressures required to make the discs can induce phase 
changes in some samples. DRIFTS spectra are also the result of increased path lengths 
through the solid in comparison with transmission spectroscopy. For IR transparent 
samples, a sample cup depth of 3mm can lead to a mean path of the diffusely scattered 
radiation of twice the sample depth .79 This is much greater than the mean path through a 
compressed disc. 
2.6 - Reflection Absorption Infrared Spectroscopy 
2.6.1 - Introduction 
In Reflection Absorption Infrared Spectroscopy (RAIRS), the incident IR radiation is 
reflected from planar substrate surface, commonly a metal. The absorption is due to 
exciting the vibrations of adsorbates on the substrate. A RAIR spectrum of an adsorbed 
layer is taken from measurement of the reflection losses of the incident radiation. 
Owing to the lack of sensitivity in the technique, the first instances of RAIRS involved 
multiple reflection RAIRS, allowing more interaction of the adsorbate molecules with the 
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incident radiation. Pickering and Eckstrom 8° and Francis and Ellison8 ' both demonstrated 
this technique in 1959. Later, Greenler showed the conditions necessary for the highest 
absorptions.8283  By the mid-1970s, it had become clear that single reflection RAIRS was 
sufficient for the study of adsorbed molecules on a reflective surface, and this is the 
technique most commonly used." 85 
2.6.2 - The Physical Basis of RAIRS 
The vibrational spectrum of a molecule adsorbed on a surface will be perturbed from the 
gas- or liquid-phase spectrum. If a molecule is bound to a surface, the three translational 
and the three rotational degrees of freedom will be converted into vibrational degrees of 
freedom - 'frustrated' translations and rotations. In addition, the electronic structure of 
the molecule will be altered by the adsorption to the surface. This leads to the vibrational 
frequencies being site-specific. 8687 
The classic example is the adsorption of carbon monoxide on a metal surface. CO can 
either adsorb at an 'on-top' (Figure 2.8A) or a 'bridging' site (Figure 2.8B). The bonding 
to the surface in each case will be different, so the vibrational frequency will, be different 
in both cases as well. For a Pt( 111) surface, the on-top CO will have a frequency of 
-2100 cm" and the bridged CO will be seen at -1850 cm -1 . There are other effects of 
surface adsorption: bandwidth broadening; lateral interactions; and the surface selection 
rule.588788 
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The width of absorption bands is increased over metals; at least four orders of magnitude 
greater than in the gas phase. This is due to the greatly decreased lifetime of the 
vibrationally excited states. Gas-phase molecules can only lose vibrational energy via the 
re-emission of an infrared photon or by intramolecular vibrational relaxation processes. 
Adsorption onto the metal increases the energy dissipation channels due to phonon 
coupling and the creation of electron-hole pairs. 87 
Phonon damping will only be significant if the vibrational frequency is less than twice the 
maximum phonon frequency of the substrate, otherwise conservation of energy would 
require 6-8 phonons be created simultaneously. However, the highest phonon band of 
platinum is below 200 cm, so it has not thus far appeared to be a significant influence on 
bandwidth increase in IR absorption spectroscopy on metals. The increase of the 
bandwidth is therefore most likely due to electron-hole (e-h) pair breation. 8687 
Electron-hole pair creation is caused by the interaction of the dipole with its image. The 
energy of the excited mode is converted into e-h pair creation excitations. This is thought 
to occur via two different mechanisms: the oscillating electric dipole field of the 
adsorbate or the charge transfer to and from the adsorbate during the oscillation cycle.' 
However the mechanism proceeds, it is temperature independent. There is some 
temperature dependence of the bandshape, but this is probably due to relaxation 
dephasing.'87 
Dephasing in free molecules is caused by the loss of phase correlation due to an elastic 
collision. Relaxation dephasing is anharmonic coupling with a thermally occupied low-
frequency mode. There is no vibrational energy loss, but the anharmonic coupling will 
cause the high frequency mode to become out of phase compared to an unperturbed 
harmonic oscillator. This causes line broadening and a red or blue shift in the vibrational 
frequency. These low-frequency modes are defined as any mode with a low enough 
frequency that it can be excited thermally; the frustrated translational or rotational modes 
are thought to be of the right order. Other temperature effects also exist: phase transitions 
and increased surface mobility.' 87 
As well as the vibrational frequencies being site-dependent, the surface coverage can 
have an effect. In the ubiquitous CO case, the frequency of the on-top CO shifts from 
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—2065 to --2100 cm 1 , at 300 K on Pt(l 11), with increasing coverage 
.
89 As coverage 
increases, the likelihood of lateral interactions also increases; dynamic coupling and 
substrate mediated electronic interactions induce coverage dependent frequency shifts. 87 
The former has been shown to be the cause in the case of CO on Pt(1 11). 89  In dynamic 
coupling, oscillating dipoles can interact with each other, if they are in phase. Figure 2.9 
shows two pairs of parallel neighbouring dipoles. 
Figure 2.9 - Dipole-Dipole CoLuplinp,84  
a) 	 b) 
As coverage increases, the depolarisation of a dipole will increase due to the increased 
presence of neighbouring oscillating dipoles. The field lines increase the force constant 
in the case of dipoles perpendicular to the surface, Figure 2.9a, leading to an increase of 
frequency. If all of the possible dipole interactions, including dipole-image effects 
(discussed in Section 2.6.2) are taken into account, the shift for dipoles oriented 
perpendicular to the surface is given by Equation 2.33. 




Where 0c  is the unperturbed vibrational frequency; av is the vibrational polarisability of 
the dipole; ae  is the electronic polarisability of the dipole; 0 is the coverage and Uo is the 
lattice sum. 0 approaches unity with increasing coverage, and so CO in Equation 2.33 
increases with 0. Dipoles oriented parallel to the surface can be lying in either direction, 
and so can experience an increased or decreased force constant and be shifted up or down 
in frequency. 87  However, dipoles lying parallel with a metal surface are generally 
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screened out, and not seen in the infrared. This is due to 'the metal surface selection rule' 
(MSSR). 
2.6.3 - The Metal Surface Selection Rule 
The most important advantage RAIRS has over transmission spectroscopy for the study 
of adsorbates on metal surfaces is that, as well as the vibrational frequencies of molecules 
being dependent on coverage and adsorption site, it is also dependent on the molecular 
orientation at the surface. 
Infrared spectroscopy is based in the interaction of the electromagnetic field with the 
oscillation dipole of a normal vibrational mode of the dipole. At infrared frequencies, for 
a molecule adsorbed on a metal surface, the electromagnetic field is dominated by the 
metal's dielectric response to the incident radiation. This effect can be seen through 
multilayers of adsorbed molecules. The influence of the metallic substrate on the infrared 
spectra has guided RAIRS experiments, from Francis and Ellison studying Blodgett films 
on metal mirrors, 8 ' through Greenler's work, 8283 to the present. TM 
As discussed above, reflection at surfaces is described by the Fresnel equations (Equation 
2.23). For radiation incident on a surface, the electric field, E, has components parallel 
with the plane of incidence (P2,,, p-polarised) and perpendicular to the plane of incidence 
(Es, s-polarised).",";" Figure 2.10 shows a schematic of the reflection geometry of 
electric field at a reflective surface. 
For non-absorbing materials, n2k2 = 0 in Equation 2.23, so with an angle of refraction of 
the p and s reflection intensity coefficients, R, and the amplitudes of the reflected 
waves, r, are given by Equation 2.34.69 




tan2 (0 -01) 
R r = tan 2(0+0,) 
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The Fresnel equations incorporate the boundary conditions in the incident, reflected and 
refracted electromagnetic wave fronts. As well as the amplitude, they give the phase 
change, 8, of the reflected wave with respect to the incident wave. The phase change has 
s and p components. 
Figure 2.10 - Schematic of the Reflection Geometry of the Electric Field at a 
Reflective Surface 
Z 	 Plane of incidence 
L's 
For a clean and highly reflective metal mirror, n2  + k2 >> 1, which is true for all metals in 
the infrared region. This allows Equation 2.35 to be derived from 2•34•84 
- 	(n— sec Ø)2 +k2 
R —r - (n+ sec ø)2 +k2 
2.35 
R5 —r2 - 
(n— COS  q5)2 +k2 
- 	(n+ cos  ø)2+k2 
l 
A = - 	
2k tan Øsin q$ 
= arctan _2 0(2 +k2)J 	
2.36 
The electric field at a surface is the vector sum of the incident, reflected and refracted 
waves. For a metal surface, where n2 + k2 >> I, the refracted wave is negligible. So the 
amplitude of the electric field at the surface is the sum of the incident and reflected 
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waves. If the amplitude of the incident wave is E'sin9 and the amplitude of the reflected 
wave is E'rsin(O+S), where 0 is an arbitrary phase, the sum of the electric field at the 
surface is given by Equation 2.37. 
E=E'[sin8+rsin(8+8)] 	 2.37 
Looking at the s-polarised component of the electric field and Equation 2.37 gives 
Equation 2.38. 
E3 =E[sin8+rsin(8+S)] 	 2.39 
From Figure 2.10, it is obvious that the s-polarised electric field is parallel with the 
surface for all 4). In addition, 8. will be close to 180 0, and r should be 1 for all 4). 
Equation 2.38 shows that the 180 0 phase change will be destructive and give a negligibly 
small electric field at the surface. This means that there will be no interaction of the 
s-polarised electric field with surface dipoles. 
The p-polarised radiation is a different case. Both the incident and reflected waves are 
the vector sum of both parallel and normal components, E and E. Using Equation 
2.37 gives Equations 2.39 and 2.40. 
=E' cos Asin 0 + rp 	+ 	 2.39 
E =E sin Ø[sinO+r 	(&+s)] 	 2.40 
&, remains small for all 4), only increasing to _1800  near grazing incidence (4)9Ø0)  and 
the reflection coefficient, r, is approximately unity. The parallel components of the p-
polarised incident and reflected electric field only combine to give a small field at low 
angles. They will be in phase, of similar size and, with the cos4), will be large but as they 
are in opposite directions, they will cancel out. 
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The incident and reflected components of ET will combine constructively at all 4). At 
low frequencies, due to the sin4) term, only a small proportion will be resolved. As 4) 
increases, the normal component will also increase, along with the cos4) induced decrease 
in the parallel component. There will be an increase in constructive interference with a 
maximum of --2E', up to near 4)= —180, where there is a sharp phase change, causing 
mutual cancellation. The p-polarised radiation will give significant electric fields at the 
surface, but only normal to the surface and at grazing incidence (high 4)) 84  
The significance of this is that only those normal modes with oscillating dipoles normal 
to the surface will be visible using reflection absorption infrared spectroscopy. This is the 
basis for the 'Metal Surface Selection Rule'. The long wavelengths of infrared radiation 
mean that this rule can apply to quite thick films. Poling demonstrated this by studying 
thick copper oxalate films on copper: no s-polarised reflection was seen from films 25 mn 
thick.85 
MSSR applies to infrared spectroscopy of all metal surfaces, from metal mirrors, to metal 
single crystals and even supported metal catalysts. On supported metal catalysts, 
although other modes can be seen with reflection spectroscopies (e.g. DRIFTS), there is 
still a preference for infrared modes that are perpendicular to the metal surface, which is 
more pronounced for larger metal particles. 82 
2.6.4 - Absorption by 'Thin Films' on Metal Surfaces 
The intensity of an absorption band will be dependent on the magnitude of the electric 
field interacting with the dipole; that is the square of the relative amplitude (E /E;). 
As the area intercepted by a parallel beam varies as sec4), the number of adsorbents 
interacting with the incident radiation will also vary with sec4).'85 Combining these two 
factors gives the AR, the total absorption intensity shown in Equation 2.41. 
• (E' 2 
1. 
 
L\R=-   
EP) 
- I sec 	 2.41 
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This function has the same shape for all infrared-reflecting metals: it peaks sharply at 
high 4) (880 for copper). At the optimum angle, the absorption ofp-polarised radiation in 
a single reflection is more than an order of magnitude greater than the equivalent 
transmission absorption. 85 It is difficult to take advantage of this experimentally as, at 
high 4), even large single crystals can show only a slit-shaped aspect to the incident 
radiation, reducing the available surface area. A further problem is caused by the 
spectrometer itself, as most use a number of optics and a thermal source that can combine 
to give a beam angle of several degrees. A proportion of the radiation will therefore be at 
incident angles other than the ideal. 
So far, no mention has been made of the effect of the adsorbent itself, only the reflectance 
at the limit of zero coverage has been considered. To explain this, the vacuum/solid 
system is expanded to a three-phase system of vacuum/adsorbate/solid; the adsorbate can 
be considered as a homogeneous isotropic layer on the metal surface with a complex 
dielectric function (Figure 2.11). The adsorbate has a thickness d and the dielectric 
constant E2 = (n2 + 1k2 
)2,  although this is only an approximation; it neglects the discrete 
nature of the chemisorbed species. Greenler calculated the change in reflectivity upon 
absorption over the whole 4) using the Fresnel equations. 83 The end result was shown to 
be similar to that discussed above: for a metal, the change in reflectivity has a maximum 
at 4) near to grazing incidence and only p-polarised light normal to the surface will be 
significantly absorbed. 87 
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The amplitude of the reflectivity is therefore E/EI'. This allows an absorption function 
to be calculated (Equation 2.42 and Figure 2.12). R° is the reflectance of the three-phase 
system with a non-absorbing adsorbate and R is the reflectance with an absorbing 
adsorbate. In Figure 2.12, X 0 is the frequency of the absorption band. 
A AR 
R ° 	R ° 
2.42 
The absorption function can be related to the percentage transmittance (%T) as shown 
below: 
AR R ° -R 	R 	%T 
2.43 
R ° 	R ° R ° 100 
Figure 2.12 - Definition of the Absorption Function, A 
Wavelength 
There have been modifications to the above theory, taking into account approximations 
for low and intermediate coverages of a weak adsorbent on a metal surface. It is based on 
linear approximations because the change in reflectivity due to adsorbates is small, and 
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because of experimental evidence of a linear relationship between AR and coverage. If 
the film thickness is much less than the wavelength, the following expressions for A can 
be given:5890 
A = AR,, = 8,rdn 1 cos 0 
0 I (2 - 6
3 ) 
2.44 
R 	2 	(61 -63) 
AR - 8,zdn1 cosØ • 1m5162 6
3  "l[1 (X2 + c3 )  sin 2 011 
A 
= R - 	2 	 - 	1— (TI, Xci + 63 )sin2  0 if 
2.45 
Where Im refers to the imaginary part of the angle of incidence, and e is the complex 
dielectric constants, as defined in Figure 2.11. A can be ignored because 63 is much 
larger than 62 for metals in the infrared. Equation 2.45 can be simplified, for highly 
reflecting metals and less than ideal angles of incidence where cos 2  0 > Y,3 1 and n 1 = 1, 
to give Equation 2.46. A further simplification can then be made where k2 is small, 
giving Equation 2.47.88,90 
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2.47 
In Equation 2.47, the first term represents the absorption enhancement in angular 
reflection at a metal surface and the second term is the Beer's law attenuation coefficient 
for transmission at normal incidence. thach 9' used Equation 2.46 together with an 
harmonic oscillator model to find the effective ionic charge associated with the surface 
dipole, and then to describe the surface potential with respect to adsorbate layer 
thickness. 88 
2.7 - Auger Electron Spectroscopy 
In order to study adsorbates on a metal single crystal, using RAIRS, it is important to 
ensure that the crystal surface is clean and free of contaminants. The crystal is kept at 
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ultra-high vacuum (UHV) to keep it clean, but the surface cleanliness must be checked. 
Auger electron spectroscopy (AES) is a surface sensitive technique that relies on 
stimulated secondary electron emission from the surface of the sample. In infrared 
spectroscopy, the compounds have a characteristic set of vibrational absorbances that can 
act as a 'fingerprint': in AES, elements, other than hydrogen and helium, have 
characteristic secondary electron emissions. As a result, elemental analysis can be 
performed with reference to standard spectra. 92  The Auger spectrum of a clean metal 
surface should only show the characteristic peaks of the metal itself. 
Pierre Auger first identified Auger electrons in nuclear physics in 1925; twenty-eight 
years later Lander found them in secondary emissions from surfaces. In the late 1960s, 
ABS was applied to surface science and has become the most widely applied surface 
cleanliness monitor.93 
When an atom is ionised by electron irradiation of sufficient energy, a core hole is created 
by the emission of a core electron (K shell electron emission in Figure 2.13a). The core 
hole will be filled by a higher energy electron, either emitting an X-ray (Figure 2.13b) or 
resulting in the ejection of an Auger Electron (Figure 2.13 c and d). Figure 2.13 shows a 
schematic of the relaxation of an atom ionised by radiation. In Figure 2.13b, an electron 
from the L 3 level relaxes to fill the core hole in the K shell and emits an X-ray with 
energy h v = EK - ELI I Alternatively, Figure 2.13c shows the relaxation of an electron 
by internal transition from the L 2 ,3 level to the fill the core hole (L2 ,3 is used in this case, 
because, in lighter elements, L 2 and L 3 cannot be resolved). Energy conservation then 
requires the emission of another electron (from the L 2,3 level in Figure 2.13d). The 
electron is termed the KL 2 ,3L 2,3 Auger electron (more commonly the subscripts are 
omitted to give the KLL Auger electron). 8894 
Three different relaxation routes can lead to the emission of an Auger electron. A core 
electron is initially emitted in each case, but the electron that fills the core hole can be 
from the valence shell or the core; likewise, the emitted electron can be either valence or 
core. A core/core/core transition is known as a CCC transition; a core/core/valence 
transition is known as a CCV transition; and a core/valence/valence transition is known as 
a CVV transition. Generally, it is the CCC Auger transitions which provide the chemical 
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information in AES. 94  The requirement of three electrons explains why neither hydrogen 
nor helium do not have an Auger spectrum. 
Figure 2.13 - Relaxation of an lonised Atom 
Ejected K electron 	









(a) 	 (b) 	 (c) 	 (d) 
The kinetic energy of a KL 23L 23 Auger electron is approximately equal to the difference 
in binding energy between the core hole and energy levels of the two outer electrons. 
E  -2L2,3 	 2.48 
Obviously, this is an oversimplification, as it does not take into account interaction 
energies between core holes in the final atomic state or the relaxation energies. The 
model outlined above is very simple but an empirical approach exists that considers the 
energies of the atomic levels involved and those in the next element in the periodic table. 
Equation 2.49 shows the Auger electron energy of transition KL 1 L2,3 for an atom with 
atomic number Z. 94 
EKL (Z) = EK (Z) — --[E (Z)+ E1 (Z + 1)]— -[E(Z)+ EJ,2 (Z + 1)] 
2.49 
For a KL 2 3L23 transition, the second and third terms are identical and Equation 2.49 can 
be simplified. 
EKJ 	(Z) = EK  (Z) - [E1 (Z) + E, (Z +1)] 	2.50 
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Equation 2.50 was used in the establishment of AES in surface science, but has become 
less necessary as fingerprint spectra exist for most elements. 92  A more accurate 
description of the kinetic energy is given in Equation 2.5 1, where U = H+P. U is a 
Coulomb factor taking into account the hole-hole interaction of the free atom (11) and 
extra-atomic, screening polarisation or relaxation effects of the solid-state environment 
(F). U is a more easily experimentally determined factor. 8894 
E 33  = EK - EL-2,3 - E 3 - U 	 2.51 
'Chemical shifts' due to different local electronic environments can be found using 
AES,88  but in this work AES has only been used to determine surface cleanliness of the 
Pt( 111) metal single crystal. 
2.7.2 - The Auger Electron Spectrometer 
An Auger electron spectrometer requires an electron source and a detector. In this work, 
the source was a triode electron gun. This is the most common type of source and is 
made up of a cathode or filament, a Wenhelt cylinder and an anode; the cathode was a 
resistively heated thonated iridium ribbon. The ribbon is heated by direct current until 
the metal emits electrons via harmonic emission. As the temperature is increased, the 
mean energy of the conduction electrons also increases until some reach energies above 
the vacuum level and are emitted. The vacuum level is at an energy 4 (the work function) 
above the Fermi level, the maximum energy of conduction electrons in the unheated 
metal. The electron emission is given in terms of a current density, J, in A/m2 (Equation 
2 . 52) .9596 
J = AT 2 exp{_} 	 2.52 
kT 
T is the cathode (filament) temperature, k is the Boltzman constant and A is the 
Richardson constant - a constant dependent on the cathode material. The filament is held 
at a negative potential relative to earth, and the Wehnelt cylinder is a few hundred volts 
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demonstrated control of an electron beam electrostatically in 1903) is used to control the 
current in the electron beam. The size of the negative potential affects the electrostatic 
field between the cathode and the anode, allowing the electron beam to be focussed. The 
negative bias creates an electric field at the cathode surface that will force electrons back 
towards the cathode, unless they are close to the tip. This limits the beam current, as the 
more negative the bias, the smaller the current, and the smaller the area emitting 
electrons. The anode is held at zero potential, so the electrons emitted from the cathode, 
focused by the Wehnelt cylinder, are accelerated out of the electron gun. 95 ' 96 
Any electron spectrometer must separate from electrons entering the spectrometer over a 
wide range of energies only those electrons in a certain narrow band of energies. This 
can be achieved by using an energy band pass filter, or by a high pass filter, and some 
signal processing. A commonly used high pass filter in surface science is the retarding 
field analyser (RFA). The RFA used in this work was designed to be used for low energy 
electron diffraction (LEED) and ABS. No LEED data is presented in this work, so the 
RFA will only be discussed in terms of Auger spectroscopy. A schematic of the RFA is 
shown in Figure 2.14. 
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Whether the RFA is used as LEED optics or the RFA for Auger spectroscopy depends on 
the potentials across the three grids and the fluorescent screen. The sample sits at the 
centre of the concentric parabolic grids, such that the electron beam is normal to the 
sample surface. 
The grids are set at a lower potential than the scanning energy that allows all electrons 
with an energy greater than the energy of this potential to reach the fluorescent screen, 
which is acting as a current collector. The electron energy distribution is then N(E); the 
retarding potential is V0 (E0 = eVo); and the highest energy electrons will have the energy 





Differentiating the current will then give N(E). This is done by sinusoidally modulating 
the retarding potential by applying a voltage of V + Vsina)t. Using a Taylor 
expansion,' the current arriving at the detector can be expressed as a sum of harmonics: a 
direct current (DC) term plus terms in sinwt, sin2wt, etc. The DC term is expressed in 
Equation 2.53, the first harmonic, the sinot term, is shown in Equation 2.54 and the 
second harmonic, the sin2wt term, is shown in Equation 2.55 
88 
_ 
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The primes on the N(E) indicate the order of derivative with respect to E. Using a phase 
sensitive detector (PSD - in this work, a EG and G Princeton Applied Research 5207 
Lock-in Amplifier), the current at the detector with a frequency 0) gives a current 
proportional to AEN(E) to a first order. If AE is small, the higher order terms can be 
neglected. 
Owing to the large sloping background in Auger spectroscopy, the second harmonic is 
used, which increases sensitivity while suppressing the background. 93 The second 
harmonic, the sin2wt term equivalent to N'(E), can be detected using the PSD and by 
referencing a generated 2w modulation. 88 
It is also instrumentally important to use the second harmonic. The retarding grids and 
the capacitor form a hemispherical capacitor, leading to a large amount of capacitive 
coupling. The modulation of the capacitive coupling leads to a large first harmonic term, 
making the measurement of N(E) experimentally unsatisfactory. The main advantages of 
the RFA as a detector for Auger spectroscopy are the simple design, and the fact that it 
should also be applicable for LEED. It also has a large acceptance angle, t steradians. 
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3.1 - Fourier Transform Infrared SDectrometers 
Both of the spectrometers used in this work, for DRIFTS and RAIRS, were Bio-Rad 
spectrometers, with broadly similar specifications. In each case, the spectrometer had a 
Michelson interferometer with GeLKBr beam splitter, a 632.8 run HeNe laser, a ceramic 
mid-infrared source, a silicon photodiode and associated optics. The moving mirror, in 
the interferometer, has almost frictionless motion owing to an air-bearing run by 
compressed oxygen-free nitrogen (OFN), at around 20 psi: The mid-infrared (MIR) 
source was a conductive ceramic coil, surrounded by a water-cooled copper jacket and 
resistively heated by a constant voltage to 1250 °C, giving a blackbody radiator. The 
detector in both cases was a high sensitivity, liquid nitrogen-cooled mercury cadmium 
telluride (MCT) photoconductive detector, operating in the 4000 - 850 cm' range. 
The DRIFTS studies were carried out using a Bio-Rad FTS6000 and the RAIRS work 
was carried out using a Bio-Rad FTS40. The principal difference between the two 
spectrometers was that the FTS40 had a completely evacuable optical bench, while the 
FTS6000 had to be purged with dry air or OFN. The FTS40 bench was split into two 
compartments, each with its own dedicated rotary pump. The compartments were 
separated by a bulkhead with a thick KBr window, for the IR beam to pass through. One 
compartment contained the interferometer, laser and source and the other contained the 
sample compartment, or for RAIRS work, the beam guide to the UIHV system. This 
almost completely removed spectral interference from carbon dioxide and atmospheric 
moisture. In comparison, the FTS6000 had to be purged with OFN for at least one hour 
after the sample compartment had been sealed to reduce the spectral interference. This 
was not always completely successful and occasionally spectral subtraction had to be 
used to give a water— and CO 2 —free spectrum. 
Another difference between the two spectrometers was that the FTS6000 was simply a 
more modem spectrometer, but the modes of operation were broadly similar. The 
spectrometer-handling program for the FTS6000 was also more advanced than that for 
the FTS40, therefore all data processing for the data acquired on the either spectrometer 
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was carried using the FTS6000 software, Bio-Rad Win_IR Pro v2.6. Finally, the 
FTS6000 had a dynamic alignment facility, which enabled the spectrometer to adjust the 
mirrors around the interferometer to achieve the best signal, which improves the 
signal/noise ratio for the spectrometer. 
3.2 - Supported Catalyst Experimental System 
All of the supported catalyst reactions were carried out on the same system, using vapour 
phase reagents and carrier gasses (Figure 3.1). The two carrier gasses used, hydrogen and 
helium, were taken from size K compressed gas cylinders from BOC. The hydrogen was 
passed through a deoxy trap, and then molecular sieves to remove water before use. The 
helium was passed through a copper oxide trap to remove the carbon monoxide and 
molecular sieves to dry the gas. Gas flow rates were set using mass flow controllers 
(MFC), 0-100 sccm 1259A-OO100SV models from NMS instruments, calibrated using a 
bubble meter. All the connecting tubing was eighth-inch OD steel tubing with Swagelok 
connectors and taps. 
Figure 3.1 - Schematic of the Supported Catalyst Experimental System 
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The methyl pyruvate (97% from Lancaster Inc) was distilled in situ by flushing with 
helium for several hours until only methyl pyruvate could be seen in the gas 
chromatogram. The highest purity it was possible to buy was 97%, and the initial 
chromatograms showed some lighter components. Flushing with helium reduced these 
over time, but not completely. It appeared to reach equilibrium, showing 1-2% of 
impurities; vacuum distillation did not significantly improve this ratio. 
3.2.1— The Bubbler 
In order to study the gas phase of the reactants, without heating apparatus, a 'bubbler', 
Figure 3.2, was used to allow the carrier gas to take up some of the reactant in the vapour 
phase. To prevent the reactant condensing out again in the metal tubing after it had left 
the bubbler; the bubbler was kept in a water bath. The water bath was normally 
maintained at around 13 °C, by means of a copper cooling-coil connected to a water 
cooler and pump. 
Figure 3.2 - Schematic Diagram of the 'Bubbler' 




(normally -13 °C) 
Bubbler 
Copper Cooling Coil 
The bubbler is a small glass bulb (— 4 cm diameter) with a gas inlet tube, a quarter-inch 
diameter narrowing down to a very small opening at the bottom of the bulb. From here, 
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the gas passes through the liquid reagent, to the outlet tube at the top of the bulb. The 
outlet tube is also quarter-inch glass tubing, with one section slightly wider. The dimples 
on the wider section of the glass allow some of the vapour to condense. This prevents too 
much vapour getting into the system, and then condensing out in the steel tubing. The 
condenser is also fitted with a small sinter at the base, to help prevent liquid being forced 
from the bubbler. 
It was not possible to know exactly the partial pressure of the reagents in the carrier 
gasses due to the nature of the apparatus, but an approximate vapour pressure can be 
estimated as outlined below. 
The Clausius-Clapeyron equation (Equation 3.1) can be used to calculate the temperature 
dependence of a liquid's vapour pressure, and Trouton's Rule (Equation 3.2) can be used 
to approximate the enthalpy of vaporisation. 




AJIV = 88JK'moi 1 	 3.2 
T1'nbp 
p = vapour pressure at temperature T 
p* = vapour pressure at temperature T* 
Hv = enthalpy of vaporisation 
R = gas constant = 8.314 JK'mor' 
T,,bp = The normal boiling point of the liquid. (135.5°C for methyl pyruvate and 144.50C 
for methyl lactate) 
Therefore, putting Equation 3.2 into Equation 3. 1, and using the T nbp as T*  and 
881R = 10.58, Equation 3.3 is produced, which can then be used to estimate the vapour 
pressures of both methyl pyruvate and methyl lactate. 97 
p 
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Using Equation 3.3, the plot in Figure 3.3 was calculated showing the vapour pressures of 
both methyl pyruvate and methyl lactate. At 13 0C the calculated vapour pressure of 
methyl pyruvate is 8.2 Torr and the vapour pressure of methyl lactate is 5.9 Torr, if 
saturation is assumed. 
The exact proportion of the vapour in the system's carrier gas depends not only on the 
bath temperatures and on gas flow rates, but also on how efficient the carrier gas is at 
picking up the vapour. This makes it difficult to know exactly how much of the reagent 
of interest is reaching the different parts of the system. However, the measurements 
taken throughout this work were not intended to give absolute amounts, only relative 
proportions. 
Figure 3.3 - Vapour pressures of methyl pyruvate and methyl lactate against 
temperature as calculated using equation 3.3 
Methyl Pyruvate 
Methyl Lactate 
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3.2.2 - In Situ DRIFTS Flow Reaction Cell 
The reaction cell was designed by Dr. G. S. McDougall, and built by John Ashford from 
the Department of Chemistry, University of Edinburgh. The steel support block, shown 
in plan view in Figure 3.4, is connected to a micrometer to allow vertical movement of 
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a loop. The carrier gas passes into the base to holes near the sample cup. Figure 3.5 
shows the front view of the sample cell. 
Figure 3.4—Plan View of Base Block of Reaction Cell (not to scale) 
Carrier 
Microrreter 	 Cooling Water 	Sample Cup 
fl,. c n nnA 
Figure 3.5 - Front View of Reaction Cell, showing carrier gas flow over sample 
(not to scale) 
Water in and out 
Gas in and out 	Steel Support Block 
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The sample cup (11 x 2 mm) sits at the top of a steel column with a Th ermocoaxTM 
Firerod 9489 heater and thermocouple inserted into the centre of the column. The column 
fits into a hole in the base block, and is held in place by a KaIrezTM FR1O/80 'O'-ring 
(11.10mm ID) from James Walker and Co. 
As shown in Figure 3.5, the carrier gas exits from the base block and, following the 
grooves in the MacorTM gas guide, passes up one side of the column, across the sample, 
and then down the other side. The top of the gas guide supports the calcium fluoride 
window (13 x 2 mm), which is held in place by the steel lid of the reaction cell. To 
ensure that the cell is gas tight, between the window and the lid is another FRi 0/80 
'O'-ring (12 mm ID), and the lid rests on the base block on an 18.77 mm 'O'-ring. The 
lid is secured to the base by four hex-head screws (not shown in the figure). 
3.2.3— DRIFTS Optics 
The DRIFTS optics used were the 'Preying Mantis' ® diffuse reflection attachment, a 
commercially available set from Harrick (Figure 3 The incident light is reflected 
from a plane mirror attached to the lid, onto another plane mirror attached to the base of 
the optics. From here, the beam is reflected onto an elliptical mirror on the lid, and 
thence onto the sample. Diffusely reflected light from the sample is collected by another 
elliptical mirror attached to the lid, and focused onto a second mirror attached to the base. 
The beam is then reflected onto the second 'mirror attached to the lid, before finally 
passing to the MCT detector. 
Figure 3.6 - Preying Mantis Diffuse Reflectance Optics 75 
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To aid the focusing of the beam onto the sample and the detector, the orientation of four 
of the mirrors can be altered. The two plane mirrors attached to the lid of the optics can 
rotate around their vertical central axis. The two plane mirrors attached to the base can be 
tilted on their central horizontal axis, as well as rotating about the vertical central axis. 
This means that the cell height and the DRIFTS optics can be adjusted to give the most 
acceptable compromise between signal strength and minimum specular reflection. This 
can be very difficult and time consuming and it is very rare to reduce the amount of 
specular reflection to zero. Leyden and Murphy 7° discuss using three geometrically 
different DRS optics and found that none of them was more able to discriminate between 
specular and diffuse reflectance components of the signal. The conclusion reached was 
that the only way to remove the specular component completely is to dilute the sample 
with a non-absorber, such as KBr. 7098 As discussed in the previous chapter, this would 
obviously interfere with in situ analysis. 
3.2.4 - The Gas Chromato2raph 
The gas chromatograph was the model 93 GC from Analytical Measuring Systems 
equipped with a Flame lonisation Detector (FID). The FID used 35 ml/min hydrogen and 
300 ml/min air to produce the flame, and hydrogen was also used as the carrier gas. Both 
gasses were taken straight from size K BOC compressed gas cylinders. The data from the 
FH) was passed to an amplifier, and recorded on a SP4270 computing integrator from 
Spectra-Physics. 
The carrier gas, for the reaction system, passed to a six-way Carle valve next to the GC. 
This valve was connected to the gas handling system after the reaction cell or the bubbler; 
a sample loop (at two points); the waste gas line; the GC carrier gas line and GC column. 
The loop and connecting tubing to the valve were made of sixteenth-inch steel tubing, and 
the whole loop had a volume of approximately 0.09 ml. The approximation in this value 
lies in the assumption that the radius of the tubing is constant throughout the loop. 
When the valve is closed, the carrier gas for the GC passes through the loop on the way to 
the GC. To take a sample of the products in the gas stream from the reaction cell, the 
valve is opened and the product gas stream passes through the loop for five seconds. 
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Then the valve is closed again and the GC carrier gas picks up the sample slug and carries 
it onto the GC. 
The GC already had a split injection port for use with capillary columns, and initially the 
sample valve was simply connected, in series, to the carrier gas flow and the injection 
port. However, for normal syringe-injection techniques, the sample is injected very near 
to the head of the column. This meant that when a sample was taken using the Carle 
valve, further down the carrier-gas stream, it became lost in the dead volume of the 
injection port. Therefore, the sampling valve had to be connected directly to the head of 
the column itself, with the GC's injection port completely disconnected. Samples taken 
with this configuration overloaded the column, so a homemade split system had to be 
used. 
The final configuration consisted of the GC carrier gas passing from the Carle valve to 
the head of the column via two short lengths of sixteenth-inch tubing and a three-way 
adapter. The three-way adapter, as well as the column and the valve, was also connected 
to the homemade split. The split was a length of sixteenth-inch tubing, with a GC syringe 
needle inserted in the end. The needle was inserted through two GC septa, and held in 
place by a steel nut. Various different diameters of needle were tried, in order to find the 
correct balance between dispersing most of the sample and overloading the column. In 
the end, a needle of 0.20 mm ID was used. 
3.2.5 - SeDaration of the Methyl Lactate Enantiomers 
Two 30 in 13-DEX 225 Supelco columns, attached by a Supelco zero-dead volume glass 
connector, were used in the GC. One column was 0.32nimxO.25(113)p.m and the other 
was 0.25nimxO.25(ID)p.m. The R-enantiomer of methyl lactate was the first eluent to 
come off the column, swiftly followed by the S-enantiomer. However, unless the normal 
GC liquid injection system was used, complete separation was not possible. The use of 
an inline gas sampling system and the attached, much coarser, split meant that some part 
of the R-enantiomer peak was always covered by the S-enantiomer peak, making the R-
enantiomer appear to be at a lower concentration than it really was. Using the racemic 
reaction of methyl pyruvate over platinum/alumina at room temperature as the baseline, 
the experimental conditions - GC carrier gas flow, split, GC oven temperature, integrator 
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baseline calculation - were adjusted to give the most complete separation of the two 
enantiomers. 
The racemic reaction was used as the baseline measure for maximising the column 
efficiency because it was not possible to buy completely pure R and S enantiomers of 
methyl lactate: the R-enantiomer was not available as more than 97% pure, and the 
suppliers could not give accurate information about what proportion of the impurity was 
the S-enantiomer. 
Throughout this work, Ret, the enantiomeric excess of the R-methyl lactate (Equation 
3.4), is used to avoid confusion (because all of the data could just as easily be reported as 
the enantiomeric excess of the S-lactate). 
R 	(moles of R-enantiomer - moles of S-enantiomer) 3.4 
(moles of R-enantiomer + moles of S-enantiomer) 
3.2.6 —The Flame lonisation Detector 
In an Fm, the column eluent is mixed with hydrogen and air to aid combustion. As the 
eluent bums, ions are produced, and the potential difference between the jet and the 
collector electrode allows an ionisation current to be detected. This signal is amplified 
and measured to calculate the relative proportions of each analyte. 
As the response of the FD is related to the combustion of the analyte, different 
compounds will have different responses. There are two methods to normalise the 
response of different compounds in an Fm: multiplying by the effective carbon number 
of each compound, or measuring the response of each compound for a known amount of 
sample injected. 100 ; 101 The latter approach was used in this case, with the main expected 
products injected as liquid samples and the response of the detector noted. Figure 3.7 
shows the response of the expected products of hydrogenation of methyl pyruvate over a 
range of 5tl. The error bars relate to the standard deviations of the averages taken at each 
injection volume. 
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A linear response was found for methanol, ethanol, pyruvic acid, S-methyl lactate (S-
methyl lactate will have exactly the same FID response as R-methyl lactate) and methyl 
pyruvate, with an origin of zero. A response factor was then calculated, normalising the 
methyl lactate response to unity. When the detector response was multiplied by the 
relevant response factor, the result was proportional to the mass of the component 
reaching the FID. Division by the molecular weights of the eluents, then normalising to a 
total response of 100 gave the FID response in terms of percentage of moles present' °° 
(Table 3.1). These percentages will be used to report the composition of eluting samples 
in this work. 
Table 3.1 - FID Response Factors 
Methanol Ethanol 
Pyruvic S-Methyl Methyl 
Acid Lactate Pyruvate 
Detector response 
2905±98 5292±106 879±108 4865±83 3637±82 
' IAU. il 
Response factor 
0.60 1.09 0.18 1.00 0.75 
(RF) (dimensionless)  
Molecular Weights 32.04 
(MW) /g.mol '  
46.07 88.06 104.10 102.09 
Multiplication 
Factor (RF/MW) 0.0186 0.0236 0.0021 0.0096 0.0073 
/cs± moles  
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The percentage errors quoted in the table are based on the least squares fit for the 
response factors. The molar percentages quoted in this work will have an associated error 
of 3%. The error on the pyruvic acid is significantly larger, but this peak was always at 
the very edge of detection when present. 
3.3 - Supported Catalyst Pre-treatment 
The catalyst used was Johnson-Matthey Type 94 5% Pt/alumina. EUROPt-1 (5% 
Pt/silica) had been used in earlier work ,72 as discussed later in Chapter 4, and it was 
decided to use a catalyst with an alumina support because there is an increased IR 
window. Figure 3.8 shows the normalised transmission response at the detector for the 
DRIFTS single beams of the Pt/alumina catalyst and EUROPt-1. It can be clearly seen 
that the ER transmission of the Pt/alumina is much greater than that of the EUROPt-1, 
with IR opacity not occurring until around 1050 cm, rather than 1350cm 1 . 
Figure 3.8— Comparison of the DRIFTS Single Beams of EUROPt-1 and Type 94 
5% Pt/Alumina from Johnson Matthey 
—EUROPt-1 
Type 94 Pt/alumina 
/ 
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Type 94 5% Pt/alumina from Johnson Matthey (JM94) was chosen because it was found 
to be a very efficient catalyst in the Onto reaction. 25 Baiker et al.25 compared two 
commercial 5% Pt/alumina catalysts for the enantioselective reaction of ethyl pyruvate - 
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enantioselectivities and had a 2-3 fold higher turnover frequency. Baiker et al . 25 also 
found that metal dispersion was the most important catalyst parameter, and should be 
around -20%. JM94 has a platinum dispersion of 22%; a specific surface area of 131 
in 2 .9-1 ; a specific pore volume of 0.93 ml.g' and a platinum particle size between 10 and 
30 pm. The alumina support of J1M94 was found to be mixture of y- and 0-alumina with 
irregular crystallites with large interstices compared to the Engelhard 4759 catalyst. The 
texture of the support does have some limited influence on the selectivity and that the best 
enantioselectivities were achieved with low surface area, high pore volume and large 
pores.25 The JM94 catalyst has also been used by other workers; Studer et al. 
successfully used it in the enantioselective hydrogenation of a-keto acetals. 
As discussed in Chapter 1, the pre-treatment of the catalyst is an important factor in the 
efficiency of the catalyst. 10;36  Reducing the catalyst at high temperature was found to 
remove surface impurities; convert Pt salts to Pt metal; increase the average particle size 
and improve the morphology of the Pt particles. 36 The catalysts are normally heated to 
673K in the literature, 2536"02"03 based on the Onto method, but as the seals in the reaction 
cell would not withstand such high temperatures, the lower temperatures discussed as 
suitable for Pt/silica catalysts were used. This also allowed some comparison with the 
previous work carried out over the EUROPt-1 catalyst. 72 In the Pt/silica catalysts, longer 
stirring times, different concentrations of modifier and different solvents have been 
described and not found to alter the selectivity significantly. 13;19;41;48 
3.3.1 - Unmodified Supported Catalyst Pre-Treatment 
The catalyst was placed in the reaction cell. After the cell had been sealed and purged 
with helium for thirty minutes, it was flushed completely through with hydrogen, before 
being heated to 383 K under hydrogen for one hour to reduce the catalyst. The catalyst 
was then cooled, still under hydrogen, to room temperature, and then flushed through 
with helium, in preparation for adsorption of the required sample. 
3.3.2 - Modified Supported Catalyst Pre-Treatment 
The modification procedures described in the literature contained mostly the same basic 
points. The catalyst is reduced under hydrogen, and then enough modifier solution is 
added to just cover the surface of the catalyst, still under hydrogen. The wetted catalyst is 
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stirred for at least an hour, before being transferred to the reaction vessel. As the 
DRIFTS reaction cell did not allow in situ modification, a glass modification rig was 
designed, which enabled the 0.2 g of catalyst to be reduced, under hydrogen for one hour 
at 383 K, and then cooled. 
Three ml of the modifier solution (1% wt/vol cinchonidine in 100 ml ethanol), which had 
been freeze-thaw degassed, was then poured over to cover the catalyst, still under 
hydrogen. The concentration of the modifier solution was similar to that used by Meheux 
et al., 19 and other papers by the same authors, but more modifier solution was used 
because their normal catalyst sample size was only 0.1 g. The wetted catalyst was then 
transferred to a glass beaker and the rest of the modifier solution was poured over the 
catalyst. The slurry was magnetically stirred in air for one hour before the modified 
catalyst was retrieved by filtration. The catalyst was then gently reground using an agate 
mortar and pestle, before being placed in a sealed container. Several batches of modified 
catalyst were prepared on each occasion and then mixed, to homogenise the sample, and 
reduce the possibility of artefacts relating to differences in modification. 
3.4 - General Reaction Procedure for Supported Catalyst 
Experiments 
The following describes the general reaction procedure for DRIFTS experiments. 
Variations for different experimental series will be discussed in the relevant results 
sections. All spectra discussed were taken at 1 cm resolution. 
The catalyst was placed in the sample cup of the reaction cell until the top of the sample 
was level with the edge of the cup. Any excess was smoothed off with a spatula. The 
cell lid was replaced and sealed, ensuring that the cell was gas-tight. Helium was purged 
through the reaction cell, and the 'Preying Mantis' ® optics were adjusted to achieve the 
best diffuse reflectance signal. Unmodified catalysts were reduced at this stage. 
The sample compartment of the FTS6000 was then covered and purged with dry air for at 
least one hour. After the sample compartment had been purged, two scans at least ten 
minutes apart were taken. These single beams of 2000 scans co-added could be ratioed 
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and, if necessary, used to cancel atmospheric water from the final data. Two background 
spectra were then taken. The first background was a single beam of 2000 scans co-added 
showing the DRIFTS spectrum of the catalyst under helium. The second background was 
1000 scans co-added used as a background for time-resolved spectra. 
As the spectrometer was able to continuously scan, in situ changes could be observed in 
the infrared. These time-resolved series of spectra were normally taken over 30 or 45 
minute periods. Using second background discussed above, time-resolved absorbance 
spectra could be used to monitor change in individual absorbance bands as the reaction 
system changes, or to extract individual absorbance spectra at discrete times during 
methyl pyruvate adsorption or reaction. These time-resolved series of spectra are referred 
to here as "kinetics spectra". 
Before the reactants were passed over the catalyst, two gas chromatograms (GCs) were 
taken of output of the bubbler, under flowing helium (SOsccm). The helium/methyl 
pyruvate mix was then passed over the catalyst. A kinetics scan was used to monitor the 
change to the catalyst in the infrared. Two further GCs were taken of the helium/methyl 
pyruvate mix passing over the catalyst. Another single beam spectrum of 2000 scans co-
added was then taken of helium and methyl pyruvate passing over the catalyst. 
A kinetics scan was used to monitor the hydrogenation reaction of the methyl pyruvate. 
Thirty seconds after the scan had begun, the flow to the bubbler was changed from 
helium to hydrogen (50 sccm). This change was taken to be the start of the reaction. 
Five minutes after reaction start, a GC would be taken, and then every fifteen minutes 
thereafter for 245 minutes. This timetable was adhered to as far as possible to allow the 
gas chromatography data for experiments to be easily comparable. Once the GC data 
showed constant conversion, another single beam of 2000 co-added scans was taken. The 
gas chromatography data was processed as discussed in Sections 3.2.4 and 3.2.5. The 
analysis of the infrared spectra will be discussed in the results chapters. 
3.5 - Single Crystal Studies in the UHIV System 
The platinum single crystal RAIRS studies were carried out in this work using the Bio- 
Rad FTS40 FTIIR spectrometer, discussed above, and an integrated ultra-high vacuum 
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system built by Cryogenic and Vacuum Technology, Milton Keynes. The FTS40 was 
placed on a vibrationally damped table next to a larger bench holding the vacuum system. 
The IJHV system consisted of the main vacuum chamber, with associated measurement 
devices, pumps, gas lines and differential pumping. A front plan of the system is shown 
below in Figure 3.9, with the key shown in Table 3.2 and schematics of the entire system 
are shown in Figure 3.10 and Figure 3.11 from Yates, 58 Dixon'°4 and CVT system 
blueprints. 
3.5.1— The Main Vacuum Chamber 
The main UHV chamber was pumped by a 600 Is - ' Edwards E04K oil diffusion pump 
(DPI) backed by an E2M5 Edwards double stage rotary pump (RP1). The chamber could 
then be rough-pumped down from atmosphere using RP 1, before switching to DP 1, and a 
base pressure of 1 xl 0 mbar was swiftly reached. The pressure in the chamber was 
measured using a Leybold-Heraeuis lonivac 1 M5 10 ion guage. 
The pressure could be further reduced to true UHV by 'baking out'. An insulated canopy 
was placed over the UHV system on top of the bench (see Figure 3.9) and ceramic heaters 
were used to heat the whole system to 120 °C for two days. All filaments - ion gauge, 
mass spectrometer, crystal heating, etc. - were outgassed during cooling to reduce the 
possibility of vacuum-limiting pressure bursts. After baking, a base pressure of 
<2x 10-10 mbar was routinely achieved. To maintain a good U}W, the cold traps were 
filled twice a day. When this was not possible, taps 5 and 6 were closed and the vacuum 
was maintained by a Leybold-Heraeus 1Z50 ion pump (1P1). 
A liquid nitrogen-cooled CVT titanium sublimation pump 1/70 (SP1) was situated next to 
the main chamber. This was used to improve the vacuum just before, or to rapidly pump 
gas immediately after, an experiment. A 50 Amp power supply was used to evaporate 
titanium onto the liquid nitrogen-cooled surface inside the pump. Active gasses in the 
pump stick to the clean titanium surface. The cold chamber of the TSP also allowed 
come cryopumping away from the main chamber. °5 
As well as the pumping system, the main chamber also housed all of the analytical tools, 
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Figure 3.9 - Front Plan of RAIRS Layout 58 
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Table 3.2 - Key for Figure 3.9 
Bio-Rad FTS40 Spectrometer 
Vibration-Free Table 
Evacuable Detector Housing 
KBr Lens 
Evacuable Optics Housing 





Gas Handling Line 
Rapid Pumping to IR Cell 
Argon Ion Gun 
Mass Spectrometer 
LEED/AES 
Figure 3.10— Schematic of Main Vacuum Chamber and Pumping 
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Fi.ure 3.12— Legend for Figure 3.10 and Fiimre 3.11 
Rotary Pump 	 Vacuum chamber
Ion Pump 	 0 
Diffusion Pump 
Vacuum Gauge 	
Cold Trap •PiI - Pirani guage 
•IGI - Ion gauge 
•Pel - Penning gauge 
•PDGI –Pressure dial guage 	
I 8 	— •PTI - Pressure transducer Sublimation Pump 	 Flexible vacuum tubing 
TI - manual/electronic shut-off tap 
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which were all arranged pointing into the centre of the chamber. The LEED optics was a 
4-grid VG LEED/Auger retarding field analyser 640 with a 326/302 power supply, 
situated opposite a large viewing port, and was used for checking sample cleanliness as 
discussed in Section 2.7. The argon ion gun was an Oxford Applied Research 1805 403fc 
microdischarge ion source for sample cleaning. There was also a Spectra Microvision 
Plus mass spectrometer for monitoring UHV cleanliness, leak detection and monitoring 
of dosing gasses. 
3.5.2 - Differential pumping and Gas Dosing System 
The second diffusion pump and cryotron was used for differential pumping of the JR cell 
windows and the 3600-rotatable flange at the top of the cold finger. The JR windows 
were CaF 2 windows, and could not be compressed onto metal to sufficiently hold UIHV. 
A combination of Teflon and rubber seals was used, which was compressed by a metal 
flange and pumped by the differential pumping side of the system. 106  Likewise, the 
Teflon seal around the rotating flange could not hold UHV against atmosphere, and as 
such was kept at 102  mbar. 
The differential and gas-dosing side pumped by a 150 1s 1 Edward's E02K oil diffusion 
pump (DP2) backed by an Edward's two-stage E2M2 rotary pump (RP2). The pressure 
in the differential pumping and gas lines was measured by either a Penning Guage (Pe 1) 
or a pressure transducer (PT 1). The differential pumping system was usually kept at a 
pressure of 2x 10-5  mbar, while the pressure of the gas lines depended on the experiment. 
There was a quarter-inch metal line for connecting lecture gas bottles to the argon ion gun 
or to either of the two bleed valves that connected to the main chamber and the JR cell. A 
glass line was also attached to the JR cell for connecting to glass bulbs with Young's 
fittings with Teflon seals for the introduction of adsorbates that are liquid at room 
temperature. Next to the IR cell bleed valve was another metal-to-glass connection for 
attaching a test-tube of methyl pyruvate to the system using a Teflon seal. 
Gasses from lecture bottles for dosing or cleaning the crystal were taken from lecture 
bottles from Argo International. The hydrogen was ultra high purity (99.99995%), the 
oxygen was 99.9%, the carbon monoxide was 99.95% and the argon was 99.999%. Once 
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the required lecture bottle had been attached to the gas line, the line was pumped down, 
up to the lecture bottle head, to 10 -5 mbar. Then the line was flushed with the gas and 
evacuated twice, before the gas moved beyond either tap 20 or 18. 
The gas could then be expanded into a closed volume between taps 18, 20 and 23. For 
gasses used in cleaning the crystal, taps 18 and 26 were opened and the bleed valve was 
used to fill the main chamber with the required partial pressure. For using the argon ion 
gun, taps 18 and 27 were opened and the coarser bleed valve on the ion gun was used to 
give the required partial pressure of argon for ion gun operation. Tap 20 could be opened 
to allow access to the bleed valve on the JR cell. This bleed valve allowed the required 
exposure of the crystal to the gas. 
For dosing the crystal with methyl pyruvate, a Young's test-tube was attached to the 
metal-glass connection, near tap 25, with a Teflon seal. The methyl pyruvate (Lancaster, 
97%) was then freeze-thaw de-gassed five times before pumping, to the Young's tap at 
the top of the test-tube, to lxi 0 mbar. The metal sample loop next to the JR cell bleed 
valve was then cooled with a Dewar of liquid nitrogen. While pumping was maintained, 
the Young's tap was opened and the methyl pyruvate evaporated from the tube to 
condense in the liquid nitrogen-cooled sample loop. When sufficient methyl pyruvate 
had evaporated from the tube, taps 24 and 25 were closed and the sample loop allowed to 
warm up. The bleed valve could then be opened to expose the crystal to the methyl 
pyruvate. Unfortunately, the pyruvate would freeze in the tap, causing difficulty in 
measuring the exposure of the crystal, as the tap had to be continually adjusted. When 
the tap was opened enough, the frozen plug would sublimate in to the cell, causing a 
pressure burst. 
3.5.3 - Sample Mounting 
The platinum single crystal used in this work was supplied by Goodfellows Metals. It 
was a disc with a diameter of 14mm and 2mm thick. The metal was 5N and had been cut 
to expose the (111) face . 58 The crystal had two grooves spark eroded in the edge 
allowing the crystal to be held in place by 0.2mm tungsten wire, also from Goodfellows. 
Figure 3.13 shows a schematic of the sample mounting. 
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Figure 3.13 - Schematic of Sample Mounting 





Pt(1 11) crystal 
Mica spacer 
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washers to clam p 
heating wires 
The copper sample block was held at the bottom of a long steel cold finger by 
compression. The cold finger had a liquid nitrogen reservoir and a vacuum-tight conduit 
for heating and thermocouple wires. At the top of the cold finger was the CF flange for 
connection to the rotatable flange, allowing the sample to be rotated through 360 0. This 
was situated on a long-travel retractable Z-drive and an XY manipulation stage, as shown 
above in Figure 3.9. Also at the top of the conduit was the UHV electrical connection for 
the heating and thermocouple wires. These wires were from Caburn MDC and covered in 
Kapton® insulating material, preventing shorting in the conduit. The wires were spot-
welded to connectors on the inside of the connector and rods on ceramic spacers on the 
outside allowed the connection of a power supply and a thermocouple unit. 
The thermocouple wires were spot-welded together at the bottom and slotted into a spark-
eroded hole in the edge of the crystal. The heating wires were attached to the ceramic 
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posts, as were the tungsten supporting wires, and held in place by metal washers. A DC 
current of up to 8 Amps could be passed through the tungsten wires, resistively heating 
them. This allowed the crystal to be heated to 1000 K. The crystal could be cooled to a 
minimum 160K by filling the cold finger with liquid nitrogen. 
3.6 - RAIRS Experimental Set-up 
The layout for taking RAIRS spectra is shown in Figure 3.14. The whole apparatus was 
sited on a concrete floor, with the spectrometer sitting on a vibration-free table, topped by 
a concrete block. This was to ensure optical stability by minimising vibrations. All of 
the rotary pumps were also sitting on a concrete slab on polyether foam and had 
vibrationally damped couplings. 
Figure 3.14 - Schematic of RAIRS Optical Layout 
lR Windows 	Metal Single Crystal 
Interferometer 	 MCT 
Detector 







A plain mirror in the FTS40 spectrometer, Ml, directs the IR beam through the KCI 
focussing lens onto the single crystal at an oblique angle. The beam was then reflected 
onto M2, actually a series of mirrors reflecting the beam up into the narrow band MCT 
detector. What is not shown in the schematic is that the IR windows on the RAIRS cell 
are at an angle of 50  from the parallel, to allow entry and exit of the beam across the 
diameter of the window. 
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After the U}IV system has been baked out, the beam guide and collection optics were 
moved into position. Optimisation of the signal was achieved by adjusting the position of 
Ml, the focussing lens, the crystal's orientation, M2 and the height and position of the 
detector. This optimisation was made by maximising the zero retardation peak in real 
time on the spectrometer. The crystal could then be lifted out of the beam path, to ensure 
that the signal was due to reflection from the crystal surface. A small 'aim-off factor had 
to be used when adjusting the optics, as evacuating the spectrometer, beam guide and the 
collection optics shifted the beam slightly. 
3.7 - Single Crystal Sample Preparation 
The sample preparation followed Yates 58 and is similar to that used by Wenger et al. 107 
The surface composition of the sample was monitored by AES and the main contaminants 
of the crystal were found to be carbon and sulphur. All the Auger assignments were 
taken from McGuire 92  and the main peaks for platinum, carbon and sulphur are shown in 
Table 3.3. The largest platinum Auger peak at 63 eV could not be observed, as it was not 
possible to achieve a large enough offset on the PSD to detect it on top of the large 
background slope towards the elastically scattered electron signal. 
Table 3.3 - Auger Peak Positions (eV) 




All Auger spectra were collected using a chart recorder and using the Micromass mass 
spectrometer as an A/D interface. Several spectra were collected on each occasion, and 
then averaged, to reduce noise. The spectra were then baseline corrected and smoothed 
using a 5-point Boxcar function, using the FTS6000 spectrometer software. Comparison 
with the spectra produced on the chart recorder was used to ensure that peaks were not 
omitted or any artefacts created. 
Figure 3.15 shows the crystal surface, before any cleaning has taken place. The only 
peak visible is the carbon auger peak at 273 eV. Some surface carbon could be removed 
by annealing to 900 K for two hours (Figure 3.16). This reduced the carbon signal, 
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giving the somewhat noisy spectrum shown. The platinum peaks can be seen, as shown, 
along with the sulphur peak, which is nearly hiding the lowest platinum peak at -l50 eV. 
To remove the sulphur impurities, the sample was argon ion bombarded (lxi 0 mbar of 
argon, 6p.A ion beam current and 2keV energy) for four hours. The sample was then 
annealed again for 2 hours to undo any surface damage induced by bombardment. Figure 
3.17 shows an Auger spectrum of the crystal after Argon ion bombardment. Very little 
carbon is visible and the platinum peaks have become much more distinct, but the sulphur 
has not been reduced at all. Heating the crystal in oxygen was used by Yates 58 to remove 
sulphur, so the crystal was heated in an oxygen partial pressure (800K in 4x 10 -6 mbar of 
oxygen), and annealed again at 900K for an hour. The heating times in oxygen depended 
on when the sample had last been out of the vacuum chamber. immediately after the 
sample had been replaced in the chamber, the sample was heated in oxygen for 12 hours, 
and the sulphur and carbon AES peaks monitored, to determine if more 'cooking' was 
required. However, once the sample had been cleaned to show a clean platinum Auger 
spectrum, it was generally only carbon monoxide contamination that was visible, and this 
could be removed by flash-heating to 600K. Figure 3.18 shows an example spectrum of a 
clean crystal. 
It was difficult to be sure that all of the sulphur impurities had been removed, as the peak 
at -450 eV, which has been designated as Pt in Figure 3.18, is a few eV too high for 
platinum (it should be 148 eV). However, after repeated cycles of annealing and heating 
in oxygen, there was still only one peak visible. If this peak had been sulphur impurities 
in the crystal, heating in oxygen should have reduced it in size, and when no reduction 
was seen, it was decided that it must indeed be platinum. 
Such repeated cycles of heating in partial pressures of oxygen resulted in a slightly 
oxidised crystal, as shown by the peak at 510 eV in Figure 3.19. The spectrum in Figure 
3.19 was taken at the same time as that in Figure 3.18, but over a wider energy range. 
Annealing at 900 K in UIL-IV did not significantly reduce the size of the peak, nor did 
heating in a partial pressure of hydrogen so data was collected on a slightly oxidised 
crystal. 
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Figure 3.15 - Example Auger Spectrum of Figure 3.16— Example Auger Spectrum of 
	
Crystal Before Cleaning 	 Crystal after Initial Annealing 
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Figure 3.17—Example Auger Spectrum of Figure 3.18— Example of a 'Clean' Auger 
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Once a clean Auger spectrum had been attained, the sample surface order and cleanliness 
was further checked by adsorption of carbon monoxide to saturation coverage and the 
intensity and line width of the linear band in the RAIR spectrum were used as an 
indication of surface condition.' 07 Figure 3.20 shows an example of the adsorption of CO 
onto a clean crystal surface. 
The three spectra in Figure 3.20 marked with an asterisk are quoted as having a partial 
pressure of CO of lx 10' 0 mbar. This is because there was a delay in the CO reaching the 
ion gauge, particularly at partial pressures near the limits of detection. The mass 
spectrometer was no more accurate and had the disadvantage that, even after bake-out, it 
would degas as it heated up, reducing the overall vacuum of the system. 
As discussed in Chapter 2, CO is sensitive to surface conditions and coverage. 'On-top' 
CO absorbs at 2065 cm' on a platinum (111) surface, increasing to -2 100 cm -1 with 
coverage. The carbon monoxide experiments, used in this work to show surface order 
and cleanliness, followed this pattern. CO absorption is first seen above at 2068 cm 1 , 
moving rapidly to 2085 cm-1 and reaching 2092 cm' as the system reached a partial 
pressure of 3 x 10 -8 mbar of carbon monoxide. A clean CO RAIR spectrum, like the one 
shown, was taken to mean that the sample was properly clean, with good surface order. 107 
Thereafter, the crystal was flash-heated to 600 K to remove the CO and the sublimation 
pump ran through a few cycles to bring the UHV system back to lxi 10  mbar. 
3.8 - Adsorption of Methyl Pyruvate onto Single Crystal 
After determining that the crystal was clean and with good surface order, the sublimation 
pump was cooled down and run to ensure that the system pressure was lxi 0 10 mbar or 
better. The crystal was then heated to 600 K to drive off any adsorbed CO. and then the 
cold finger was filled with liquid nitrogen, cooling the crystal down to - 175K. RAIRS 
single beam spectra, with 300 scans co-added at 4 cm -1 resolution, were taken 
consecutively as the crystal cooled down, to be used as possible backgrounds. When the 
crystal had reached the minimum temperature, —175K, the bleed valve (Figure 3.11) 
could be slowly opened. The number of turns before CO would expand into the RAIRS 
cell was known, so the bleed valve was opened to one turn short of that. Thereafter, for 
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Figure 3.20— RAIR Spectrum showing Increasing Coverage of Carbon Monoxide 
on NO 11) 
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As the valve was opened, before the partial pressure of methyl pyruvate could be 
measured on any of the gauges, bursts of pressure began to occur, as described above in 
Section 3.5.2. The valve would be constantly adjusted to try to give a steady pressure. 
The spectra were assigned according to the apparent partial pressure at the start of each 
spectrum. At higher  partial pressures, the bleed valve was opened enough to stop the 
pyruvate freezing in the valve, preventing pressure bursts. 
Spectra were taken up to a partial pressure of 5 xl O mbar. The bleed valve was then 
completely closed. Thereafter, the crystal was very gently heated using the heating wires, 
and the pyruvate desorbed from the surface of the crystal. Spectra were taken at 5K 
intervals as the crystal temperature was increased. The copper block on which the crystal 
was seated was still at liquid nitrogen temperatures so these spectra were named after the 
temperature of ihe crystal at the start of the scan. 
Using mass spectrometry to monitor both the adsorption and desorption of the pyruvate 
was unsuccessful, as the distance between the crystal and the mass spectrometer was 
sufficiently large to ensure that the only changes the mass spectrometer showed were 
displaced in time from the crystal desorption and could not be reliably tied to the relevant 
spectra. 
The data analysis for the spectra collected under these conditions will be discussed in 
Chapter 8. 
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Chapter 4— Previous Work 
4.1 - Introduction 
A significant proportion of the early work on the Onto reaction was carried out over 
EUROPt- 1,10;12;41   so earlier work was submitted for the Degree of Master of Science (by 
Research) at Edinburgh University in 199972  using EUROPt-1 as the catalyst. This work 
formed the background to the research detailed in this thesis and is briefly covered below, 
along with its conclusions. 
The tables of frequencies and assignments given in this work show the strength of 
absorption of each vibration relative to the most intense band in the spectrum: very weak 
(vw) is <5%; weak (w) is 6-20%; medium weak (mw) is 21-40%; medium (m) is 41-
60%; medium strong (ms) is 61-80%; strong (s) is 81-95%; and very strong (vs) is 96-
100%. 
4.2 - The Infrared Spectra of Reagents in the Onto 
Reaction 
4.2.1 - Introduction 
The assignments in the MSc work were made using group frequencies from the 
literature' 18;109  and comparison between similar spectra; in this section the spectra of the 
pure reagents in the Onto reaction are re-examined with the benefit of literature 
assignments. 
A summary of the information in this section can be found in Appendix A. 
4.2.2 - The Infrared Spectrum of Methyl Pyruvate 
Figure 4.1 shows methyl pyruvate, with numbered atoms for both the trans and cis 
conformers, and Figure 4.2 shows the transmission infrared spectrum of methyl pyruvate, 
taken as a liquid film between two KBr plates on the FTS40 spectrometer. 72 The CH 
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stretching region of the pyruvate spectrum has been magnified by a factor of 10 for 
clarity. 
Figure 4.1 - Methyl Pyruvate 
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The spectrum above matches the published data, 110 ' 11 ' and the assignments given are the 
same as those in Wilmshurst et al.,"° with a few exceptions. The red box in Figure 4.2 
contains 4 bands at 1305, 1274, -4220 and 1194 cm', which are assigned by Wilmshurst 
et al. 110 as the trans and cis C4 rocking vibrations and the trans and cis 03-0 stretching 
vibrations. However, Castonguay et al.' 2 claim that these assignments are back-to-front; 
1305 and 1274 cm instead refer to the 03-0 stretch, based on esters normally having 
an intense band above 1200 cm', as well as normal coordinate analysis (NCA)" 3 and 
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density functional calculations. 2; 114;115 They then assign 1220 and 1194 cm' to the  in- 
plane C4 rock. 
Table 4.1 shows a summary of the fundamental frequencies of methyl pyruvate from 
Wilmshurst et al.,"° with the assignments of v 11 and v 12 changed, as discussed above, to 
those given by Castonguay et al. 112 Frequencies in italics are given as approximations. 
Table 4.1 - Fundamental Frequencies and Assignments of Methyl Pyruvate 
Freg. cis I 	trans Assignment 
SymmetricModes (a' species) 
V I 3035 3035 C4-H asymmetric stretch 
V2 3008 3008 CI-H asymmetric stretch 
V3 2958 2958 C4-H symmetric stretch 
V4 2929 2929 CI-H symmetric stretch 
V5 1741 1762 C0 symmetric stretch 
V6 1737 1733 C=0 antisymmetric stretch 
V7 1448 1448 C4-H asymmetric bend 
V8 1438 1438 C4-H symmetric bend 
1419 1419 Cl-H asymmetric bend 
V10 1356 1356 C1-H symmetric bend 
V11 1299 1262 03-C3/4 stretch 112 
V12 1191 1213 C4 rock"", 
V13 1056 1108 C  rock 
V14 1000 964 C-C stretch 
V15 931 931 03-C4 stretch 
V16 827 817 C2-Cl stretch 
V17 602 613 02-C3-03 bend 
V18 403 454 C1-C2-01 bend 
V19 369 392 02-C3-03 rock 
V20 340 340 C3-03-C4 rock 
V21 212 265 C1-C2-01 rock 
AntisyimnetricModes (a" species) 
V22 3008 3008 C4-H asymmetric stretch 
V23 2981 2981 CI-H symmetric stretch 
V24 1456 1456 C4-H asymmetric bend 
V25 1425 1425 Cl-H asymmetric bend 
V26 1133 1148 C4 rock 
v27  1017 987 C  rock 
V28 720 731 02-C3-03 rock 
V29 546 501 Cl-C2-Ol rock 
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Table 4.2 shows the frequencies and assignments of the liquid methyl pyruvate spectrum 
shown in Figure 4.2. The number given to each vibration in the table is based on an 
arbitrary numbering system and is just for ease of reference throughout this work. The 
numbering is not consecutive in Table 4.2 as some of the methyl pyruvate vibrations can 
only be seen in the DRIFTS or RAIIRS spectra of the adsorbed species. 
Table 4.2 - Frequencies and Assignments of Liquid Methyl Pyruvate 
Freg /cm - '_  Strength Peak No. Assignment 
3452 vw MP5 Overtone band - 2xv 6 = 3474 
3100 vw shoulder MP6 Combination band - v6 + v10 = 3093 
3030 vw shoulder MP7 Asymmetric C4—H stretch (v i ) 
3011 w MP8 Cl—H asymmetric stretch (v 2) 
2959 w MP9 C4--H symmetric stretch (v 3) 
2929 w shoulder MP10 Cl—H symmetric stretch (v 4) 
2850 vw MP13 Overtone band —2xv 25 =2850 
1792 w shoulder MP 14 C=O stretch 
1754 m shoulder 15 CO symmetric stretch (v 5) 
Mostly due to C3=021  13 
1734 vs MP16 C=O antisymmetric stretch (v 6) 
Mostly due to C2=01 113  
1660 vw MP17 Perturbed C=O stretch' 12 
-4450 vvw shoulder W20 
C4—H symmetric bend 
(v7 in-plane; v 24 out of plane) 
1439 w MP21 C4—H asymmetric bend (v 8) 
In-plane 
1422 w MP22 
Cl—H asymmetric bend 
(v9 in-plane; v 25 out of plane) 
1360 w MP24 Cl—H symmetric bend (v, o) 
In-plane 
1305 mw MP25 03-0/4 stretch (trans) (v,,) 
1274 mw MP26 03—C3/4 stretch (cis) (v, 1 ) 
1220 vw shoulder MP27 C4 rock (cis) (v 12) in plane 
1194 w M1P28 C4 rock (trans) (v 12) in plane 
1139 ms MP30 C4 rock (v
26) 
Out-of-plane 
1093 w shoulder MIP31 Cl rock (Cis) (V]3) in plane 
1048 vw MP32 C 	rock (trans) (v 14) in plane 
1021 vw MP33 C 	rock (trans) (v27) 
Out of plane 
1000 w M1P34 C—C stretch (v 14) 
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Most of the peaks seen in Figure 4.2 can be easily assigned based on the work of 
Wilmshurst et al."° with some exception. There is a weak peak at 1660 cm i , which was 
not observed by Wilmshurst et al., but was observed by Castonguay et al. 112  at low 
coverages of methyl pyruvate on Ni( 111), and was assigned to carbonyl vibrations. 
Wi!mshurst et al. 110 also have no mention of a band at -'1790 cm', which can be clearly 
seen in Figure 4.2; this band is not discussed in any of the other literature either and so 
has been assigned as being due to the carbonyl groups in some way. Wilmshurst et al.110 
label the other two carbonyl vibrations, MP15 and MP16 (1754 and 1734 cm 1 ), as the 
symmetric and antisyinmetric stretches respectively. These assignments have been 
further refined by NCA so that MP15 is due more to the C3=02 carbonyl and MP16 is 
due more to C201 carbonyl. " 3 
The relative intensities of MP25 - MP28 (1305 - 1194 cm -1 ) in Figure 4.2 indicate that, 
while both conformers are present, there is a preference for the trans conformer. This is 
in agreement with the literature,' 12;113; 116  which has shown that while the trans conformer 
is more energetically favourable, the energy barrier is quite low (7.3 kJ.mof')!' 7 
4.2.3 - The Infrared Spectrum of Methyl Lactate 
Figure 4.3 shows the two enantiomers of methyl lactate, with numbered atoms. 
Figure 4.3 - A) R-Methyl Lactate; B) S-Methyl Lactate 
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The infrared spectrum and the conformers of methyl lactate have been studied by Gigante 
et al.118 using vibrational circular dichroism (VCD) and by Borba et al."9 using matrix-
isolation FTIR spectroscopy. Gigante et al. proffer four different conformers, while 
Borba et al. have seven, but both groups agree that the most energetically favoured 
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conformer is a cis conformation, called SsC by Borba et al., where the a-hydroxyl and 1-
carbonyl are hydrogen-bonded (Figure 4.4A). Two likely trans conformers with 01-H--
03 hydrogen bonding are discussed; these conformers are called GskC (Figure 4.413) and 
G'sk'C by Borba et al. 19 G'sk'C has a very similar energy to GskC. -9 kJ.mol' higher 
than the SsC conformer," 8 and the low energy barrier between the two means that only 
GskC was observed by Borba et al. 
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Figure 4.5 shows the transmission infrared spectrum of S-methyl lactate, taken as a liquid 
film between two KBr plates on the FTS40 spectrometer. 72 
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The spectrum above is comparable with the published data," 19 and the assignments 
given are mostly the same as those in Borba et al. "9 As expected, most of the data shows 
that the methyl lactate is mostly in the SsC conformer; only one exclusively GskC band is 
seen, at 2850 cm-1 . Although this band appears at exactly the same frequency as MP13, 
its size and shape would appear to indicate that it is not the same overtone seen in the 
methyl pyruvate spectrum, but is due to the GskC conformer. 
Table 4.3 shows the frequencies and assignments of the liquid methyl lactate spectrum 
shown in Figure 4.5. Where possible the vibrations have been linked to the fundamental 
frequencies of methyl pyruvate, as the two spectra would be expected to be very similar. 
The number given to each vibration in the table is based on an arbitrary numbering 
system and is just for ease of reference throughout this work. As above, the peak 
numbering is not consecutive, as some of the methyl lactate bands only appear in the 
DRIFTS spectra. 
Table 4.3 - Frequencies and Assignments of Liquid S-Methyl Lactate 
Freg /cm' Strength Peak No. Assignment 
3475 mw broad ML1 01—H stretch 
3030 vw shoulder ML2 C4—H asymmetric stretch (v i ) 
2988 w MIL3 CI—H asymmetric stretch (v 2) 
2957 w ML4 C4—H symmetric stretch (v 3) 
2908 w shoulder ML5 C2—H stretch 
2890 w ML6 C2—H stretch 
2852 w shoulder ML7 C2-11 stretch for GskC conformer 
2057 vvw ML8 Possible combination band 
1957 vvw ML9 Possible combination band 
1741 vs ML11 C3=02 stretch (v 5) 
1453 mw ML15 C4—H asymmetric bend (v 7 , v24) 
1438 mw ML16 
C4—H asymmetric bend (v g) 
In-plane 
1408 w ML17 01—H bend 
1373 w ML18 
Cl—H symmetric bend (v, 0) 
In-plane 
1320 w shoulder ML20 C2—H rock - SsC/GskC 
1267 mw MIL21 03—C3/4 stretch (v,,) 
1219 m M1L22 
CCH deformation 
or 03-0/4 stretch (v, 1 ) for GskC 
1132 ms ML23 
C  rock (v27) 
Out-of-plane 
1087 w ML24 
Cl rock (v 13) 
In plane 
1047 mw ML25 C—C stretch (v 14) 
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Nearly all of the assignments in Table 4.3 have been taken from the work by Borba et 
al., 119 and compare well with the methyl pymvate spectrum, and the infrared work by 
Wilmshurst" ° with some exceptions. The Wilmshurst assignments were used for 1v1L8 
and MIL9, which were not observed in the work by Borba et al.; however, the frequencies 
closely matched those of two probable combination bands. 
MILD, at 1320 cm', has two possibilities in the Borba et al."9 assignments: the SsC C2—
H stretch or the same band for the GskC conformer, and the difference in intensity makes 
it unlike MP25, the 03—C stretch in the methyl pyruvate spectrum, for all the similarities 
in frequency. M1L22, at 1219 cm 1 , also has two assignments given by Borba et al., 
neither of which is the same as that for MP27, despite the similarity in frequencies. There 
is strong band due to either a CCII deformation or the GskC 03—C stretch, the latter 
having medium intensity and probably hidden by the stronger band. 
Another difference in the two spectra is at —1135 cm -1 . In the methyl pyruvate spectrum, 
this band is due to the C4 rock, but according to Borba et al.119 this band would be blue 
shifted by 20 cm', so ML23 can be assigned to the out of plane C  rock. 
4.2.4 - The Infrared Spectrum of Cinchonidine 
Figure 4.6 shows cinchonidine with numbered atoms, and the main functional groups 
marked out. Figure 4.7 shows the transmission infrared spectrum of cinchonidine, taken 
as a pressed KBr disc on the FTS40 spectrometer with a blank KBr disc as the 
background.72 
There has not been a complete examination of the infrared spectrum of cinchonidine 
published, but several groups have published studies of the Raman and infrared spectrum 
of cinchonidine.' 20123 Table 4.4 shows the frequencies and assignments of cinchonidine 
and those assignments that have come from published works are so marked, with the rest 
of the assignments coming from functional group frequencies. 108;109  The number given to 
each vibration in the table is based on an arbitrary numbering system and is just for ease 
of reference throughout this work. 
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Table 4.4 - Frequencies and Assignments of Cinchomdine 
Freg /cm-1 Strength Peak No. Assignment 
C—H stretch from the pyridine part of 
3088 m shoulder CDN1 the guinoline ring 120 
3067 ms CDN2 Asymmetric vinyl C—H stretch 120 
C—li stretch" 
3037 m CDN3 Probably symmetric vinyl 
vibration' 08 
3002 mw CDN4 Aromatic C—H stretch 
C—H stretch"' 
2941 vs CDN5 Probably CH2 vibrations from 
guinuclidine group 
2918 vs CDN6 C—H stretch 
C—H stretch' 2 ' 
2875 s CDN7 Probably single C—H 
2771 m shoulder CDN8 C—H stretch from C2 and C6 
2715 m CDN9 Broad band of intramolecular 
hydroxyl hydrogen bonding 2589 m CDN1O 
1980 vw CDN11 
Probably weak overtone bands, 
typical of substituted pyridines 
CDN14  
1954 vw CDN12 
1938 vw CDN13 
1814 w 
1637 mw CDN15 Probably guinoline aryl—H stretch' 23 
Benzene in-plane deformation and 
1616 w CDN16 aryl—H in-plane bend 1 20 ,121 
Benzene in-plane deformation and 
1591 ms CDN17 aryl—H in-plane bend 120 
Benzene in-plane deformation and 
1569 mw CDN18 aryl—H in-plane bend 120 ; 121 
Probably due to the quinoline 
1539 w CDN19 group123 
Benzene in-plane deformation and 
1507 ms CDN20 aryl—il in-plane bend 120;121 
1461 mw CDN21 C7 CR2 scissoring vibration' 22 
1454 m CDN22 CS CR2 scissoring vibration .. 
Asymmetric CH2 deformations or 
1445 w CDN23 OH bending 
1419 mw CDN24 Quinoline ring stretch' 2 ' 
1396 w CDN25 Quinoline ring stretch" 
Quinoline ring stretch and (possibly 
1385 mw CDN26 aryl) C—H in-plane bend 120 
Quinoline ring stretch and aryl—H in- 
1367 w CDN27 plane bend and quinuclidine CH 
wag' 20 
1358 mw CDN28 C—H bend' 2 ' 
Quinuclidine CH bend' 20"2 ' and 
1337 mw CDN29 quinoline C—N—C and C—C—C 
asymmetric stretch 120 
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Freg 1cm' Strength Peak No. Assignment 
1324 mw CDN30 
Quinoline ring stretch"' and 
guinuclidine CH2 wag 120 ; 121 
1307 w CDN3 1 Qumuclidine CH and CH2 wags 120 
1298 vw CDN32 
Vinyl CH bend and quinuclidine CH 
wag 120 
1278 w CDN33 Vinyl CH rock' 20 
1256 w CDN34 CH2 wag 
1235 mw CDN35 '22 Quinoline CH deformations  
1207 mw CDN36 
Quinuclidine CII2 torsions and wag 
and guinoline CH in-plane bends 
1168 mw CDN37 
Benzene CH in-plane bends and OH 
bend and guinuclidine wag/rock 
1130 in CDN38 CH2wag 
1112 vs CDN39 
C-0 stretch? 
CDN41  
1075 mw CDN40 
1065 mw 
1050 in CDN42 C—C stretch? 
1029 mw CDN43 Quinuclidine C—N stretch 
1017 mw CDN44 C—C stretch? 
995 ms CDN45 Vinyl CH deformation 
972 vw CDN46 
C—C stretches 
CDN48  
950 mw CDN47 
930 w 
905 ms CDN49 Vinyl CH deformation 
CDN1 1 to CDN14 (between 1980 - 1814 cm) are typical of weak overtone bands of 
substituted pyridine derivatives. There is normally a band in the 1640 cm -1 region for 
pyridines and substituted aromatics, so Bonalumi et al. S123 assignment of a quinoline 
vibration is more likely than Ferri et al. S 121  assertion of a double bond carbon—carbon 
stretch, although Ferri does show the spectra for both quinoline and quinuclidine and no 
vibration was observed at this frequency in either case. CDN16 to CDN20 (between 
1616 - 1507 cm) are in a region of typical aromatic vibrations, and the literature gives 
assignments that are more specific. Bonalumi et al. 123 found bands at 1500, 1545, 1600 
and 1634 cm' that all increased with adsorption of cinchonidine with ketopantolactone on 
platinum, and from their behaviour have assumed them to be due to the quinoline ring of 
the cinchonidine. 
In the CH deformation region (1500-1100 cm'), the numerous vibrations are due to a 
mixture of ring stretches and CH deformations, so only those assignments where the 
literature is not in agreement will be discussed. The quinoline ring stretch at —1420 cm -1  
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was observed in quinoline and adsorbed cinchonidine, but not in the pure cinchonidine 
spectrum by Fern et al. ' 2 ' and is not observed in the other works. Fern et al. have 
assumed that the medium weak vibration at 1385 cm is due to an overtone, in contrast to 
Chu et al. S 120  quinolme ring stretch and CH in-plane bend. The assignment given above 
is Chu's, because aromatic CH bends would be expected in this region.' 08 The weak 
absorptions at 1256 and 1130 cm-1 are not discussed in the published works but are 
typical for CH2 wags. CDN39 to CDN41 (between 1112 - 1065 cm -) are likewise not 
assigned but it is probable that at least one, if not two, of them are due to the C9-0 
stretch. This in contrast to Ferri et al. 121  who have assumed that most of the vibrations 
below 1300 cm' are due to the quinoline moiety. Two exceptions are noted at 1050 and 
995 cm i , which are assumed to involve some quinuclidine group vibrations. If CDN42, 
at 1050 cm', is common to both quinoline and quinuclidine, then it is possibly a C—C 
stretch, along with the bands at 1017, 972, 950 and 930 cm'. The band at 995 cm -1 is 
assumed to be due to the quinuclidine group by Fern, but along with another medium-
strong band at 905 cm-1 is typical of vinyl CH deformations. 
4.3 - Summary of Previous Work 
This section details earlier work carried out for the Degree of Master of Science (By 
Research) at the University of Edinburgh studying the Onto reaction using cinchonidine 
modified EUROPt-1. 72 This work is briefly recounted here as it formed the background 
to the current work. 
The reaction of methyl pyruvate over unmodified EUROPt-1 and cinchonidine and 
EUROPt-1 was studied using DRIFTS and capillary gas chromatography. The basic 
experimental set-up was essentially the same as for the supported catalyst studies 
described in Chapter 3, with some slight differences. The spectra were taken using the 
same fixed-bed flow reactor and Harrick diffuse reflectance optics, but they were 
installed in the Bio-Rad FTS40 spectrometer and with the narrow band MCT detector 
used in this work for the RAIRS studies. The reagent gas-handling system was laid out in 
a similar fashion, but was mostly of sixteenth-inch steel tubing and variable-flow taps 
were used instead of mass flow controllers. The gas chromatography was also less 
refined with only one 30m -Dex Supelco 0.32mmxO.25p.m column, which had a lower 
enantioselective resolution than the current system. 
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4.3.1 - DRIFTS Snectra of Adsorbed Rea2ents 
The spectra of methyl pyruvate, R- and S- methyl lactate were studied over three 
adsorbents: silica, unmodified EUROPt-1 and cinchonidine modified EUROPt-l. The 
spectra of methyl pyruvate and S-methyl lactate on unmodified EUROPt-1 are shown in 
Figure 4.8 and Figure 4.9 to give an example of the spectra taken. As discussed in 
Section 3.3, the silica support has an ER 'cut-off' frequency of -'-i 300 cm', so the spectra 
shown only cover the ER region 4000-1300 cm'. 
In both figures, the spectra have been normalised to the carbonyl stretch, and the liquid 
spectrum has been multiplied by a factor of two for clarity. There are obvious differences 
between the adsorbed spectra and the liquid transmission spectra, but they are mostly due 
to the differences in how the spectra were taken. In the case of both adsorbed spectra, 
there is a large negative peak at -3700 cm 1 , due to the loss of hydroxyl groups on the 
silica support. In Section 2.3, Figure 2.4 shows a single beam spectrum of EUROPt-1 
and the ER absorption of these free hydroxyl groups can be seen at —3750 cm - '. Both 
adsorbed spectra also show a carbon monoxide peak at 2040 cm', which at the time was 
assumed to be due to impurity in the system gasses. 
Figure 4.8 - JR Spectrum of Methyl Pyruvate Adsorbed on Unmodified 
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Figure 4.9 - IR Spectrum of S-Methyl Lactate Adsorbed on Unmodified 
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There are some differences in the relative absorbances between the liquid and DRIFTS 
spectra, but detailed study of the methyl pyruvate on unmodified EUROPt-1, 
cinchonidine-modified EUROPt-1 and silica failed to show much distinction, 
spectroscopically, in the modes of adsorption. A similar lack of evidence was apparent 
for the modes of adsorption of both enantiomers. A small shift was found in the spectra 
of methyl pyruvate adsorbed on modified and unmodified EUROPt-1, but it was 
inconclusive. 
The spectroscopic comparisons of the two methyl lactate enantiomers and the methyl 
pyruvate adsorbed on the three different adsorbates can be summarised as follows: 
• All adsorbents showed evidence for physisorbed reagents at saturation, due to 
the similarity between the adsorbed and liquid spectra. There was no 
evidence for coverage dependence. The earliest spectra, showing the earliest 
stages of adsorption, appeared similar to the final physisorbed saturation 
spectra, apart from a general increase in intensity with coverage. 
• There was a decrease in the signal intensity from the silica to the unmodified 
catalyst and then to the modified catalyst, which could indicate that there was 
a decrease in coverage. 
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. There was no evidence of the enantioselectivity in the adsorption of either the 
methyl lactate or the methyl pyruvate on the cinchonidine modified catalyst, 
which may have been an indication that the spectra were dominated by 
material on the silica support. 
Studying the DRIFTS spectra of the adsorption of the Onto reagents onto the three 
different adsorbates was therefore inconclusive, so the more sensitive spectrometer, the 
FTS6000, was used for this work. Another consideration was the catalyst studied. Due 
to interference from specular reflection, it was unusual to obtain detailed spectroscopic 
data below 1600 cm1, which led to the use of a Pt/alumina catalyst with its wider JR 
envelope for the current work, as discussed in Chapter 3. 
4.3.2 - Study of the Hydrogenation Reactions Using DRIFTS 
The FTS40 spectrometer and the DRIFTS set-up was used to follow the course of methyl 
pyruvate hydrogenation reactions over both modified and unmodified catalysts. For 
similar reasons to the reagent adsorption studies discussed above, no information was 
obtained about the modes of adsorption of either the reactants or the products. There was 
also no information obtained regarding enantiodirection, probably due to the signal being 
dominated by material adsorbed on the silica, as suggested above. No reactive 
intermediates or side products were observed. 
Figure 4.10 shows a differential DRIFTS spectrum of the hydrogenation reaction over an 
unmodified catalyst. The background used was the saturation spectrum of methyl 
pyruvate adsorbed on the catalyst, and the course of the reaction was observed in the M. 
It shows that the methyl pyruvate on the surface appears to be completely consumed. A 
negative peak occurs at the frequency of a characteristic methyl pyruvate vibration 
(-1360 cnf'), eventually reaching a saturation intensity that is comparable with the 
intensity of the adsorbed methyl pyruvate vibration in a normal absorbance spectrum. 
The apparent complete consumption of the methyl pyruvate in a differential flow system 
could indicate a fast transfer mechanism between the support and the catalyst metal sites, 
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Figure 4.10— Differential DRIFTS Spectra of the Hydrogenation of Methyl 
Pyruvate over Unmodified EUROPt-1 
k 
4.3.3 - Study of the Hydrogenation Reactions Using Capillary 
Chromatography 
Capillary chromatography was used to observe the conversions of the methyl pyruvate to 
methyl lactate and the enantiomeric excess of the R-enantiomer (R. ee) during the 
hydrogenation reactions. The gas chromatographic method used for the previous work 
was not as efficient as that discussed in Section 3.2.5, therefore all values of R reported 
in this section have been corrected by a calibration equation, such that 
True Ree  = 12.692 ± 1.117 x Observed R. 
During observations with the GC, it was found that R-methyl lactate, S-methyl lactate and 
methyl pyruvate were not the only compounds to be eluted from the column. Three other, 
smaller, peaks showed up under various circumstances. All of the compounds eluting 
from the GC column were assumed to be products of the methyl pyruvate. The 
assignment of identities to the eluent at each retention time was achieved by passing 
methyl pyruvate, methyl lactate and several likely side-products through the system and 
taking samples of the gasses on the GC. Several reactions over both modified and 
unmodified EUROPT-1 were carried out at room temperature, including long-term 
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experiments over both states of catalyst. Only the main conclusions reached are outlined 
here. 
The racemic reactions over unmodified EUROPT-1 reached an average conversion to 
racemic methyl lactate of about 90 %. This remained constant over the course of the 
reaction, even in the case of the long-term experiment, where the system reached a steady 
state conversion and remained there over four days. The enantioselective reactions of 
cinchonidine modified EUROPT-1 reached an average conversion to methyl lactate of 
about 95 %. The conversions to methyl lactate tended to remain constant, or occasionally 
increasing to 100 %, however, the enantioselectivity was not a steady state condition. 
Initially the maximum R e  -65%, but this decreased over time, and, in the case of the 
long-term experiment, decreased to near zero (-4 %) after 4000 minutes. The time 
dependence of the enantioselectivity of the modified catalyst could indicate a possible 
poisoning of the modified sections of the catalyst. 
The suspected catalyst poisoning could occur for a variety of reasons. The product, or the 
reactant, could form a more stable complex with the modifier, thus preventing any further 
interactions with reactant molecules. The modifier could be reduced under the hydrogen 
flow, perhaps at the methoxy carbon joining the quinuclidine and the quinoline moieties. 
Prior work by Blaser et al.25 has shown that removal of the hydroxyl from this carbon 
reduces the optical yields considerably, as does hydrogenation of the quinoline ring 
system. The latter case has been observed under reaction conditions, but has been found 
to be too slow to affect the progress of the reaction. This process could be accelerated in 
the gas phase. 
Many systems discussed in the literature have used batch reactors to study this catalytic 
system, and as such, while they have occasionally shown a decrease in enantioselectivity, 
this occurs as the reaction nears completion .41;42-,44;124  However, Baiker et al. 125  have 
discussed the behaviour over time of this catalytic system in solution, using a flow 
reactor. Decreases in R over time, similar to those discussed above, were observed for 
the hydrogenation of ketopantolactone, unless trace amounts of modifier were continually 
added to the reactor's feedstream. Similar reasons to those above were given for this 
behaviour, although the suggestion was also made that non-volatile by-products, such as 
high molecular weight aldols, may be formed at the catalyst surface, which slowly poison 
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the system. 126  Studies of the effect of temperature in this work further examine the 
deactivation of the modified catalyst. 
As well as the enantioselectivity of the modified catalysts, the differences in conversion 
between the modified and unmodified catalysts show another expected characteristic of 
this system. Comparison of the conversions of the methyl pyruvate into the methyl 
lactate between the unmodified and modified catalysts shows that there is a higher 
average conversion over the modified catalysts. As the experiments were run in a 
differential flow system, the conversion limits are analogous to the rates of reaction in a 
batch reactor system. Variations in the flow rate of the hydrogen carrier gas could lead to 
differing conversions, but the consistently higher conversions over the modified catalysts 
are an indication that the expected rate increase for the modified system is present.' 
As mentioned earlier, methyl lactate and methyl pyruvate are not the only eluents 
appearing on the GC. Methanol, ethanol and pyruvic acid are also present. The methyl 
pyruvate comes from the reactant, obviously, and the methyl lactate is produced by the 
hydrogenation reaction, but the origins of the other three eluents are not so obvious. 
While there are discussions in the literature 126  on possible side-reactions, specific side-
products have not been discussed. The possibility of formation of hemiketals due to the 
interaction of a-ketoesters and alcohols is discussed for solution-based reactions, 12' but 
this would not apply here. Baiker and co-workers have asserted that there can be 
dissociative adsorption of the methyl pyruvate at the catalyst surface, but have only 
suggested the products to be CO and C XHyOZ . ' 24 
The pyruvic acid appears in the chromatograms, in trace quantities, when the methyl 
pyruvate is not passing over the catalyst, and when the reactant first passes over the 
catalyst under both helium and hydrogen. It could be a trace impurity in the methyl 
pyruvate (-2-4 %), and possibly a hydrolysis side-product of methyl pyruvate caused by 
moisture on the catalyst surface. When the pyruvic acid is not present before the start of 
the reaction it does not show immediately as the reaction starts, but always appears after a 
variable period to show as 24% of moles present. It is possible that the pyruvic acid may 
be produced by hydrolysis in the bubbler itself, or other surfaces within the experimental 
system, rather than at the catalyst surface. The other product of this reaction, methanol, 
has also been observed. 
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The ethanol, and again possibly some methanol, appear to be dissociative hydrogenation 
products of the methyl pyruvate, although they might be impurities in the methyl 
pyruvate itself, as similar impurities in ethyl pyruvate have been observed in the 
literature. 127  They are occasionally produced in small quantities on the first introduction 
of the methyl pyruvate to the freshly reduced catalyst, under helium. The hydrogen 
adsorbed on the Pt surface seems to be enough to produce a small quantity of these 
products, but the effect is quite short lived. No methyl lactate has been observed under 
these conditions. When the hydrogen is switched on to the reaction cell, these products 
appear in larger quantities, at initially high concentrations, before decreasing to values of 
04%. Wet catalysts, with physisorbed water, could also produce these side-products via 
hydrolysis. Other potential side products of this reaction, such as formic acid, are 
possible but have not been observed. 
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Chapter 5— Methyl Pyruvate Adsorbed on 
Pt/Alumina Catalysts 
This chapter covers the DRIFTS studies of the adsorption of methyl pyruvate over both 
unmodified and cmchonidme modified Johnson-Matthey Type 94 5% Pt/alumina (JM94) 
catalysts. The spectra were collected as described in Section 3.4, and a summary of all 
information in this chapter can be found in Appendix A. 
5.1 - DRIFTS Spectra of Methyl Pyruvate Adsorbed on 
Pt/Alumina Catalysts 
Figure 5.1 shows the transmitted response at the detector for a DRIFTS single beam 
spectrum of unmodified JM94. The spectrum has been boxcar-smoothed to minimise the 
vibrations due to atmospheric water. A number of features, common to all of the 
DRIFTS spectra, are due to the adsorbent, in a similar fashion to the EUROPt- I DRIFTS 
spectra discussed above. The spectra reaches zero response at -3500 cm' due to the 
absorbance of hydrogen-bonded surface hydroxyl groups on the support. This leads to 
large negative peaks in the absorption spectra of surface species as these hydroxyl groups 
are displaced. The alumina support then becomes more IR transparent leading to an 
increase in response up to -1800 cm, before the support becomes more infrared 
absorbing down to -1100 cm 1 , where it is IR opaque (marked by the green line). The 
small amount of response seen below the green line is due to specular reflection, which 
can never be entirely eliminated. 
There is no significant visible difference between the single beam spectra of unmodified 
and modified catalysts. However, as can be seen from Figure 5.2, using the single beam 
of an unmodified catalyst as the background for the single beam of a modified catalyst 
does show some vibrations due to the presence of the cinchonidine. Only the CH 
stretching region (3100-2500 cm') has been shown, as the spectrum is very noisy. This 
is due, in part, to the very low loading of cinchonidine on the surface of a modified 
catalyst, and to the fact that both single beams are from different experiments, with 
different optical arrangements and different amounts of specular reflection, as well as 
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different concentrations of surface hydroxyl groups. In addition, the low frequency 
region of the cinchonidine spectrum is very busy (Figure 4.7), making it difficult to pick 
out individual bands in a poorly resolved spectrum. 
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Figure 5.2 - The DRIFTS Absorption Spectra of Cinchonidine-Modified JM94,, 
and the Transmission Spectrum of a Cinchonidine Pressed Disc 
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Not all of the peaks in this region are visible, and those peaks that are present have been 
shifted from the pure cinchonidine spectrum, as observed over EUROPt-1 by Sutherland 
et al.4 ' Peaks CDNI. CDN2 and CDN3, relating to the pyridine CH stretches and vinyl 
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CH stretches respectively, are not visible in the DRIFTS spectrum and CDN4, due to the 
aromatic CH stretches, has been reduced to a shoulder. CDN5, CDN6 and CDN7, related 
to quinuclidine vibrations, have been blue-shifted about 20 cm 1 , but CDN8, also due to 
quinuclidine vibrations, is not visible. CDN9 and CDN1O are not apparent in the 
DRIFTS spectrum, but as they are due to intramolecular hydrogen bonding, this is to be 
expected for an adsorbed molecule. Overall, the spectrum is very similar to the DRIFTS 
spectra shown by Sutherland etal.41 over EUROPt-1. 
It is not possible to make any sweeping statements about the adsorption mode of the 
cinchonidine from such a small section of the spectrum, however the absence of the 
quinoline and vinyl CH stretches may be due to the cinchonidine adsorbing via these 
functional groups ic-bonding to the metal, as proposed by Carley et al.47 
Figure 5.3 and Figure 5.4 show the saturation spectra of the adsorption of methyl 
pyruvate on unmodified and modified JIM 94 respectively, over the entire spectral range. 
Some features of the spectrum are experimental artefacts, such as the negative peak at 
3700 due to the displacement of surface hydroxyl groups on the support. Another 
example is the spectrum not showing total absorbance around 1100 cm -1 , where the 
support would be expected to be completely IR opaque. This small amount of apparent 
transmission is due to specular reflection. Some very weak peaks in this region are not 
reproducible, so have been ignored. 
Table 5.1 shows a summary of the peaks and assignments of the saturation DRIFTS 
spectra of methyl pyruvate adsorbed on both unmodified and cinchonidine-modified 
1M94. Some typical methyl pyruvate vibrations do not appear in the DRIFTS spectra, but 
have been quoted for ease of reference, in shaded rows. For the rest of the peaks, only 
some of the differences from the liquid case will be discussed in detail, the rest will be 
covered in a later section (Section 5.2). As before, the assignments are based on the best 
assignments in the literature to date' 10'1 12-115  or group frequencies 108" °9 . However, there 
may be some doubt as to the validity of the assignment of MP25 —28 in Table 5.1 as two 
pairs of cis and trans bands (v 11 and v12 in Wilmshurst and Horwood °) but it is a good 
working model as only one assignment of cis and trans could be sufficient. 
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Table 5.1 - Frequencies and Assignments of the DRIFTS Spectrum of Methyl 
Pyruvate Adsorbed on Unmodified and Cindhomdine-Modified JM94 
Liquid 
Unmod Mod JM94 





q Str Freq Str  No 
/Cm /Cm /Cm  
Combination band -  
MIP 1 4445 w 4443 w 
V=2+ v8 = 4446 
Combination band 
MP2 4360 vvw 4358 vvw v4 + V25 = 4354 
v 2 + v 10 = 4364 
Combination band 
MP3 4220 vvw 4222 
WW v 2 + V12 = 4210 
Combination band -V3 
MP4 4162 vvw 4165 ww +v 12 =4160 
Overtone band - 2xv 6 
MIPS 3452 vw = 3474 
Combination band -  v6 
MIP6 3100 vw sh 3105 vw 3103 Vw +v 10 3093 
MP7 3030 vw sh 3030 w sh 3030 vw sh 
Asymmetric C4—H 
stretch (v i) 
Ci—Hasymmetric 
MP8a 3011 w stretch (v 2) 
CI—H asymmetric 
MP8b 2990 w 2992 w stretch (v 2), perturbed 
by adsorption 
C4—H symmetric 
MP9 2959 w 2959 w 2959 w stretch (v 3) 
Cl—H symmetric 
MP10 2929 w sh 2942 w sh stretch (v4) 
Perturbed combination 
MIP11 2911 vw 2910 vw band 
V12 + V6 = 2929 
MP12 2874 vw 2877 Vw 
Overtone band —2xvi 
= 2896 
MIP13 2850 vw 2850 vw 2850 w 
Overtone band —2xv25 
= 2850 
CO  2024 mw  Carbon monoxide 
MP14 1792 w sh  CO stretch 
CO symmetric stretch 
MP15 1754 msh 1755 vs 1755 vs (v5) 
Mostly due to C302 
CO antisymmetric 
MIP16 1734 vs stretch (v6) 
Mostly due to C20 1 
Perturbed C0 stretch 
MP17 1660 vw 1660 mw 1657 w or a combination band 
Unassigned, possibly 
MP 18 1611 mw water OH bending 
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Liquid 
Unmod Mod JM94 
Peak JM94 Assignment 
Freq Str Frea .. Str 
Frea 
-t Str No 
1cm' /Cm  1cm 
MY 19  1513 vw Unassigned 
vvw C4—H asymmetric 
MIP2O 1450 sh 
1450 mw 1453 w  bend (v 7 , v24) 
C4—H asymmetric 
MP21 1439 w 1439 mw 1441 w bend (v8) 
In-plane 
C1—H asymmetric 
MP22 1422 w bend (v9, v) 
In-plane 
Cl—H symmetric bend 
(V 10) 
MP23 1377 w 1376 w In-plane 
Perturbed to methyl 
lactate frequency 
CI—H symmetric bend 




M1P25 1305 mw 1303 mw 1302 
mw 
sh 
03—C3 stretch (trans) 
(V11) 




03—C3 stretch (cis) 
 (V) 
M1P27 1220 vw sh 1224 w sh 1222 w C4 rock (cis) (V12) 
MP28 1194 w 1198 wsh 1198 w C4 rock (trans)(v 12) 
Combination band 
MP29 1175 w 1173 w v20 -*V16= 1167  
V28 + V18 =1185 






C4 rock (v26) 
Out-of-plane 
C 	rock (cis) (v 13) in 
MP3 1 1093 w sh plane 
Cl rock (trans) (v 13) in 
MP32 1048 vw plane 
C 	rock (trans) (v 27) 
MP33 1021 Out of plane 
MP34 1000 w  C—C stretch(V14) trans 
Peaks MPI-4 are all combination bands that appear in most of the DRIFTS spectra taken 
of methyl pyruvate. However, with the exception of MP 1 at 4445 cm, they are all so 
close to the noise level, that determining the peak centre is very subjective, so no further 
information can be obtained from their position. As expected, NIPS falls within the 
negative peak at —3700 cm - 1 , so it is not visible in the DRIFTS spectra. 
99 
Chapter 5 - Methyl Pyruvate Adsorbed on Pt/Alumina Catalysts 
One significant difference between the two spectra is in the negative peak at —3700 cm'. 
Relative to the carbonyl peaks, it is three times more intense in the unmodified spectrum 
compared to the modified spectrum. This difference is due to the presence of the 
modifier on the catalyst surface: the surface hydroxyls were mostly displaced by the 
adsorption of the cinchonidine, so that when the methyl pyruvate was subsequently 
adsorbed on the catalyst surface, there were fewer hydroxyls to be displaced, resulting in 
a smaller negative band. 
The unmodified spectrum shows a band relating to the C—O stretch of adsorbed carbon 
monoxide at —2020 cm'. This could be due to contaminants in the carrier gasses, or it 
could indicate some decomposition of the surface methyl pyruvate, as noted by Mallat et 
al.  124 and Ferri et al. 128  over platinum catalysts and by Castonguay et al. "5 over a Ni( 111) 
single crystal. Another possibility would be a combination band, as a number of bands 
could give a vibration at this frequency, but adsorbed CO is more likely, due to the 
intensity of the band, as well as its absence from the modified spectrum. 
Ma et al. 129  have shown that pre-adsorbing CO onto platinum can prevent cinchonidine 
adsorption, and found that cinchonidine was mostly successful in preventing CO 
adsorption, although not completely; the CO coverage only reaches up to —30% of the 
maximum for a cinchonidine-free clean platinum surface. In this case, the presence of the 
modifier appears to prevent the CO from adsorbing at all. If the CO is due to dissociative 
adsorption on the catalyst surface of the methyl pyruvate, then the modifier prevents that 
dissociation, as observed by Fern et al. 
128  with ethyl pyruvate. If, on the other hand, the 
cause is carrier gas contamination, then there will be competitive adsorption between the 
CO and methyl pyruvate in the gas stream for the adsorption sites unoccupied by 
cinchonidine. CO, if present will be in low probable concentrations relative to the methyl 
pyruvate, and as such will be less likely to adsorb in a case where there are fewer 
adsorption sites compared to the unmodified case. 
Another difference in the spectra between the two catalyst states is the appearance of a 
very weak band at 1513 cm'. Wilmshurst et al."° did observe a band in this region, at 
1520 cm 1, but only in the Raman spectrum, so the assignment of this peak as a 
combination band of methyl pyruvate is not confirmed. Kubota et al. 
122  observed a band 
in the RAIRS spectrum of cinchonidine, adsorbed on platinum foil from solution, at 
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1512 cm !, which corresponds to CDN20 (Table 4.4), a quinoline vibration. As the 
coverage of cinchonidine increased, so did the intensity of this band, as the molecule 
moved to a 'tilted' orientation with respect to the surface. Its presence here could 
indicate that the increased coverage of the methyl pyruvate has led to the pre-adsorbed 
cinchonidine moving to a different adsorption mode, but the minimal size of the band, 
although it is reproducible, does not allow any definite conclusions to be drawn. 
5.2 - Comparison of Methyl Pyruvate Spectra 
While there are obviously significant differences in the bare spectra between the liquid 
case and methyl pyruvate adsorbed on the two catalysts, the differences between the two 
DRIFTS spectra are less palpable. Figure 5.5 shows the three spectra as an overview, 
before each spectral region is examined in detail. 
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The spectral intensities in Figure 5.5 have been normalised by the carbonyl stretch in 
order to show the relative intensities across the three spectra as the response at the 
detector for the three systems varies. In addition, the spectra have been offset by 0.1 A.U. 
for clarity; a similar, arbitrary offset has been used to aid clarity in most of the spectra 
shown in this work. Spectra taken using the DRIFTS optics always had a lower detector 
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response, as the signal relied on the diffuse reflectance from the surface of the sample, 
rather than the entire JR beam as in transmission spectroscopy. However, what is more 
significant is that the response from the modified catalyst sample was always lower than 
that for the unmodified samples; the modified carbonyl band had 60% of the intensity of 
the unmodified carbonyl. To some extent, the reduced signal could be due to the 
cinchonidine absorbing the infrared radiation as shown above in Figure 5.2, which could 
also relate to the lower relative intensity of the CH stretching region over the modified 
catalyst compared with the unmodified samples. The presence of the modifier will also 
reduce the available adsorption sites for the methyl pyruvate, similar to the effect on the 
adsorption of CO discussed in Section 5.1. Therefore, the lower JR absorbance for 
methyl pyruvate on the modified catalyst probably indicates a lower surface loading 
overall, which may have some implications for the reaction itself. A similar effect in the 
infrared was observed in the previous work detailed in Section 4.3; however, the use of a 
more sophisticated spectrometer, and a catalyst with a larger IR window, has meant that 
the IR data for the modified Pt/alumina is far superior to that for the modified EHROPt-1. 
The relative intensities of the bands in the liquid methyl pyruvate spectrum are much 
greater in the CH bending region (1500 - 1000 cm) compared to the two catalyst 
spectra, and significantly lower in the CH stretching region. Adsorption on the catalyst 
surface therefore enhances the CH stretching vibrations, while reducing the available 
response below -4200 cm', as the JR window of the catalyst decreases to zero around 
1100 cm-1 . This is responsible, to some extent, for the very small relative response of 
MP30 (1140 cm'), the strongest band in the liquid case after the carbonyl vibrations. 
Overall, however, the DRIFTS spectra are very liquid-like, indicating that the methyl 
pyruvate associatively adsorbs on the catalyst surface with little or no dissociation, at 
least at full coverage. 
Figure 5.6 shows the three methyl pyruvate spectra expanded over the main areas of 
interest. In each case, the spectra have been normalised to the largest peak in the region. 
The spectra in Figure 5.6A have been normalised to the C4—H symmetric stretch at 2960 
cm 1 , and baseline corrected at 3200 and 2200 cm'. Figure 5.6A contains two features 
that are merely experimental artefacts: the small 'kink' at —2770cm' in the liquid 
spectrum, due to a miscancellation in the absorbance spectrum, and the bifurcated peak at 
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-.2350 cm-1  in the DRIFTS spectra, due to miscancellation of atmospheric carbon dioxide. 
The spectra in Figure 5.6B have been normalised to the largest carbonyl peak in each case 
and in Figure 5.6C the spectra are normalised to a different peak in each case, as the 
largest band was different for each spectrum. 
In the CH stretching region, the shape of the DRIFTS spectra is clearly different from that 
of the liquid spectrum, particularly below the band at 2850 cm 1 (MIP13). This is due, in 
large part, to an increase in the number of visible combination and overtone bands and 
their relative intensities. In both adsorbed cases, the trace rises to a peak at 2560 cm 1 , 
which corresponds to a combination band (v 16 + v6) with a second combination band as a 
shoulder at 2500 cm-1 (v 12 + vii ); both of these bands can just be seen in the liquid 
spectrum. While the spectroscopic method may cause the baseline to be bowed upwards 
in this region, it is also possible that the large number of combination band between 2800 
and 2200 cm-1 observed by Wilmshurst et al. 110 have been enhanced by the mode of 
adsorption, giving abroad band. MP6, at —3100 cm', is only a very weak shoulder in the 
liquid spectrum but much larger in the two DRIFTS spectra. MPI 1, a combination band, 
appears at 2911 cm 1 , as observed by Wilmshurst et al.,UO  and MP12, an overtone, 
appears at 2874 ciii' in the DRIFTS spectrum, 20 cm -' lower than that seen by 
Wilmshurst and Horwood. Neither MIPI I nor NV 12 are seen in the liquid spectrum. 
The C4—H stretching vibrations have not changed significantly from the liquid to the 
DRIFTS spectra: MP9 has not shifted and remains the dominant peak in the area, while 
MP7 is still a weak shoulder, only becoming slightly more visible as the Cl—H 
asymmetric stretch (MP8) has red-shifted. 
MP8 itself can be viewed as existing in two forms - MP8a at 3011 cm' in the liquid 
spectrum and MP8b at 2990 cm -1 in the DRIFTS spectra. MP8a, in the liquid phase, is at 
a relatively high frequency due to the neighbouring carbonyl; however, MP8b, in the 
DRIFTS spectra, indicates some change in the C2 carbonyl group due to adsorption. 
MP81b is at same frequency as the Cl—H asymmetric stretch in methyl lactate (Table 4.3) 
so it is likely that the change to the C2 carbonyl is such that the group acts more like a 
single carbon-oxygen bond than a carbonyl. MP 10, the Cl—H symmetric stretch, is 
clearly visible in the liquid spectrum at 2929 cm, but has been reduced to a shoulder and 
blue-shifted in the unmodified spectrum to 2942 cm 1 , as observed for this band in the 
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glass phase by Wilmshurst and Horwood." °  It is not visible in the modified case at all, 
although this is probably due to the reduction in sensitivity caused by lower methyl 
pyruvate coverage. 
In the carbonyl-stretching region (Figure 5 .6B), there are more differences between the 
three spectra. The carbonyl band at 1792 cm' (NT 14) is visible in the liquid spectrum as 
a weak shoulder, but not in the DRIFTS spectra, possibly hidden by the much broader, 
lower-frequency carbonyl peaks. 
The main carbonyl stretch in the liquid case is M1P16 (1734 cm'), the carbonyl 
antisymmetric stretch mostly due to the C2-01 vibration, 13 but in the DRIFTS spectra 
the main carbonyl band is at 1755 cm 1 , the symmetric stretch mostly due to C3-02. This 
could be the result of the peak shape; the DRIFTS carbonyl peaks are square-topped, 
which could be due to the strength of the carbonyl absorptions leading to near or total IR 
blackout in this region, and the corresponding reduction in photometric accuracy. 
However, the single beams still show a reasonable amount of transmittance in this region, 
indicating that the shape of the carbonyl peaks is a function of the absorption. In Table 
4.1, Wilmshurst et al.' 10 give a 20 ciii' spread between the cis conformation of vibration 
v5 at 1762 cm-1 and the trans at 1741 cm', which is the width of the MP15 peak in the 
DRIFTS spectra, rather than the narrow shoulder at the cis end seen in the liquid 
spectrum. This may show that the methyl pyruvate is adsorbed on the surface in both 
conformers or that the C2=01 carbonyl is restricted in some way by the mode of 
adsorption. 
The difference in the carbonyl peaks is not just between the liquid and adsorbed spectra; 
the shape of the bands is different even between the unmodified and modified catalysts. 
The Full-Width-Half-Maximum (FWHM) of MPI5 on the unmodified catalyst is -100 
cm i , but over the modified catalyst it is only - 65 cm -1 . If the width of the unmodified 
carbonyl peak is due to the adsorption of both conformers of methyl pyruvate, then the 
slimmer band in the modified case could show the effect of the modifier on the methyl 
pyruvate adsorption. The presence of the modifier could be inducing the methyl pyruvate 
to adsorb in a more ordered fashion or the interaction between the modifier and the 
methyl pyruvate is affecting the carbonyl symmetric vibration in some other fashion. 
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There is another difference in the shape of the carbonyl band between the unmodified and 
modified cases - between 1880 and 1800 cm 1 , the unmodified spectrum shows a large 
'bulge', whereas the modified does not. There are two possible explanations for this 
bulge: it is some expansion and shifting of MPI4 (1792 cm -1 in the liquid spectrum); or, 
more probably, it is bridged CO related to the linear CO peak at 2024 cm'. 
MPI7, at 1660 cm' is a very weak band in the liquid spectrum, and a weak band in the 
modified case, but is much larger in the unmodified spectrum and has been joined by 
MP 18 at 1611 cm 1 , which is present in neither the liquid nor the modified cases. Both of 
these bands could be combination bands with a number of potential combinations of 
fundamental frequencies giving suitable values. However, Castonguay et al.' 
12  observed 
a band at 1660 cm 1 , and have assigned it as a typical vibration for a carbonyl group 
bonded to a metal surface via a lone pair interaction (LP), based on literature data for 
chemisorbed ketones 130 and aldehydes. 
131  The 1660 cm7 1 peak in the Castonguay work is 
from methyl pyruvate adsorbed on a nickel crystal, and is mostly seen at low coverages, 
shifting to 1685 cm' at higher coverage. As MP 17 is a much weaker band over the 
modified catalyst, it is likely that the modifier is preventing the methyl pyruvate from 
adsorbing via LP bonding with the catalyst surface. 
Assigning a specific vibration to MIP 18 (1611 cm') is non-trivial; there are a number of 
possibilities for the band, and it has not been observed in the literature. It could be due to 
a further perturbation of the carbonyl bands; dissociation of the C4 carbonyl creating a 
carboxylic ion; or OH vibration of water adsorbed on the catalyst surface. The latter case 
would be supported by the different peak shape between the unmodified and modified 
spectra at around 3500 cm; the unmodified spectrum shows a possible broad peak, 
noticeably absent from the modified spectrum, which could be assigned to water 
hydroxyls. Like the CO discussed above, the water could come from the carrier gas 
contaminants, even with the inline traps; as a contaminant in the methyl pyruvate itself, as 
noticed by Margiffalvi et al.; 127  or from side reactions at the catalyst surface. Also like 
the CO, the presence of the modifier would reduce the available adsorption sites for 
water, explaining the difference between the modified and unmodified catalysts. 
Figure 5.6C shows the most striking differences between the three spectra as, in each 
case, the dominant peak in the region is different. Starting with the CH bends, MP20- 
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MP24, the liquid methyl pyruvate spectrum shows the CI—H asymmetric in-plane bend 
(v9, v25) at 1422 cm' (MP20), but this does not appear in the DRIFTS spectra; in contrast, 
the DRIFTS spectra show v7124  at 1456 cm', at a comparable intensity to MIP2 1, but the 
liquid spectrum only shows a shoulder at a lower intensity. It is possible that the 
vibrations in this region have been blue-shifted - MP22 from 1420 to 1440 cm -1 and 
MP21 from 1440 to 1456 cm' - but this appears unlikely as Wilmshurst et al." 0 observed 
all three peaks in their liquid spectrum, giving each a different assignment. It is more 
likely that the Cl—H vibration is constrained by the mode of adsorption, particularly when 
considering the apparent constriction of MP 16, the C2=01 stretch, and the shift in the 
CI—H asymmetric stretch (Figure 5.6). It is worth noting that, over the unmodified 
catalyst, the C4 bending vibrations have actually been enhanced by the mode of 
adsorption, showing —40% of the intensity of the main carbonyl peak. In both the liquid 
and modified cases, MP2I and MP22 have about 10% of the intensity of the carbonyl 
peak. 
Wilmshurst et a!!' °  only show one vibration for the CI—H symmetric bend (Vj0, 
13 56cm'), as does the methyl pyruvate liquid spectrum (Figure 4.2), at 1360 cm -1 - 
However, the DRIFTS spectra show two peaks, MP23 at 1377 and M1P24 at 1359 cm. 
MP24 is obviously the liquid-like Cl—H symmetrical bend and M1P23 appears to show a 
perturbation of the Cl methyl leading to a separate band. A band has been observed by 
Castonguay et al. 112  at 1371 in the multilayer coverage of methyl pyruvate on nickel and 
it was assigned as a methyl deformation, without being more specific. However, an 
explanation for the exact perturbation can be found in the methyl lactate spectrum (Table 
4.3 and Figure 4.5); MILl 1, assigned as the CI—H symmetric vibration, is seen in the 
liquid methyl lactate spectrum at 1373 cm'. Therefore, MP23 is due to CI—H symmetric 
vibrations that have been perturbed by adsorption into having methyl lactate character. 
However, unlike MP8, which seems to have completely shifted to the methyl lactate 
character on adsorption, both methyl lactate- and methyl pyruvate-character forms of the 
CI—H symmetric bend are seen. 
The CI—H symmetric bend is also affected by the presence of the modifier. In the 
unmodified case, the Cl—H vibration shows a slightly stronger shift to the methyl lactate 
character, with M1P23 as the more intense band. In contrast, the modified spectrum shows 
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that the modifier induces a more liquid-like character, but the methyl lactate character 
vibration is still present. 
There are additional differences between the liquid and adsorbed cases at the lower end of 
the spectrum. The 03—C3 (v,,) vibrations are two distinct bands in the liquid spectrum - 
trans at 1305 cm' (MP25) and cis at 1274 cm (M1P26) - but are both part of a broad 
band in the DRIFTS spectra. In the liquid spectrum, the trans band is more intense than 
the cis, which is as expected from normal coordinate 13 and other theoretical 
discussions in the literature.' 10;116  The absence of the cis band of v 12 (in-plane C4 rocking 
vibration) at -4220 cm' (M1P27) also points to the liquid methyl pyruvate mostly existing 
in the trans state. In the unmodified case, there is a broad band covering both the cis and 
the trans vibrations of v 11  with both of approximately equal intensity. The modified 
spectrum is more specific; MP25—MP28 can all be clearly seen, with the cis band 
significantly larger in each case - particularly MP26 which is the largest peak in this 
region for the modified catalyst, although the intensities of MP25 and M1P26, relative to 
the main carbonyl peak in each case, are the same for each spectrum (Figure 5.5). 
5.3 - The Adsorption Modes of Methyl Pyruvate on a 
Pt/Alumina Catalyst at Saturation Coverage 
From the data discussed in the previous section, it is obvious that adsorption has a 
significant effect on the spectrum of methyl pyruvate, and it may be possible to make 
some judgement both the mode of adsorption and the effect of the modifier from the IR 
spectra. 
5.3.1 - Adsorption Modes of Methyl Pyruvate at the Catalyst 
Surface in the Literature 
McBreen et al. have studied the adsorption of methyl pyruvate on metal single crystals, 
primarily on Ni(1 11)112;114;115  but also on Pt(1 
11).132  They found that the methyl pyruvate 
adsorbed almost perpendicular to the surface, whereas the prior assumption had been that 
the molecule adsorbed parallel to the metal surface in the trans confonnation.2' 5;1 
16 
Lambert et al.26  have also studied the adsorption of methyl pyruvate on Pt( ill), and 
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found that methyl pyruvate polymerised on the surface at room temperature in the 
absence of coadsorbed hydrogen. The polymer formation occurs via hydrogen 
elimination, followed by an aldol condensation. The polymer was found to be bound to 
the surface by carbonyl lone pairs, and again not parallel to the metal surface. This aldol 
condensation has also been discussed by Baiker et al. 126  and may explain the presence of 
CO and possible hydroxyl bands (-3500 and 1611 cm) in the unmodified spectrum 
(Figure 5.6). Therefore, the following discussion of the adsorption modes of methyl 
pyruvate on the supported catalysts will be based on a non-parallel adsorption mode. 
Figure 5.7 shows possible molecular orientations and conformations of methyl pyruvate 
at the catalyst surface, adapted from theoretical calculations of the bonding of 
ct-dicarbonyls to a single nickel atom.' 14  The structures, adapted from the McBreen 
work, 132  are shown in three basic forms: Ti, adsorption via the a-keto carbonyl; T2, 
adsorption via the n-ester carbonyl; and T3, with two points of adsorption to the metal 
(the a-keto carbonyl and another functional group). In addition, each of these adsorption 
modes can be viewed as either cis or trans; in the McBreen" 4 work, T3-cis (a bridged 
adsorption via both carbonyls) is referred to as p.-cis, but T3-cis is used here for clarity. 
For the nickel case, the most stable configuration was found to be a TI structure, where 
the keto-carbonyl bonded to the metal via the oxygen lone pair and 7cco*back donation 
with little difference in energy due to conformer, 1147 although this was not significantly 
more stable than the T3-trans structure. Figure 5.8 shows the relative stabilities 
calculated for the Ni-dicarbonyl complexes, adjusted to set liquid methyl pyruvate as the 
zero point.' 4 The Ti modes and T3-trans are obviously significantly more stable than 
T3-cis and the T2 modes, although later RAIRS studies 
112  over platinum found that the 
enediolate (T3-cis) was the principal structure until nearly full coverage when adsorption 
solely via the C2 carbonyl was observed (TI modes). 
5.3.2— The Adsorption Modes of Methyl Pyruvate on a 
Pt/Alumina Catalyst at Saturation Coverage 
The spectra of adsorbed methyl pyruvate contain several markers that can be used to 
determine the adsorption mode: 
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MP8, the CI—H asymmetric stretch, is red-shifted from 3010 to 2990 cm
-1  on 
adsorption. MP8b shows a change in the formal bond order of the C2 carbonyl. 
The Cl—H asymmetric bend is restricted in some way and therefore not observed. 
The CI—H symmetric bend is present in two forms: MP23, at 1375 cm 1 , which 
has liquid methyl lactate character and MP24, at 1360 cm', which has liquid 
methyl pyruvate character. 
The C4 methyl vibrations only change in relative intensity on adsorption; there is 
no change in frequency. Adsorption enhances the intensity, but the modifier 
appears to counteract this effect. 
The increased size of MP17, at 1660 cm', for the adsorbed species indicates that 
there is adsorption to the surface via a lone pair interaction of one of the 
carbonyls, although the modifier appears to reduce the prevalence of this mode. 
The main carbonyl peak present is NW 15, the carbonyl symmetric stretch mostly 
due to the C3 carbonyl.' 13  MPI6, the antisymmetric carbonyl stretch mostly due 
to C2 carbonyl," 3  is significantly reduced/absent, indicating some constraint of 
the C2 carbonyl. 
The carbonyl peak is significantly broader for the adsorbed species, indicating 
some perturbation of the carbonyl bands. The modifier restricts this perturbation, 
as the modified spectrum shows a carbonyl of about half the width of the 
unmodified spectrum. 
There are two pairs of cis/trans markers: MP25/26, the 03—C3 stretch and 
MP27/28, the in-plane C4 rocking vibrations. The liquid is mostly in a trans 
conformer, while the unmodified catalyst shows both conformers are present. 
The modified catalyst shows a significant preference for the cis conformer. 
The effect of adsorption on the carbonyl groups is central to the reaction, so points 6 and 
7 require expansion. Adsorption via one of the carbonyls would be expected to 
significantly decrease the frequency of that functional group by reduction of the bond 
order or polarity, as shown by McBreen et al. experimentally' 2 and theoretically! 
14  The 
free carbonyl would also be expected to show some slight decrease in frequency, as the 
polarity of the molecule is decreased overall. It is also conceivable that a strong enough 
chemisorption via a carbonyl could inhibit the absorption of the band altogether. 
110 
Chapter 5 - Methyl Pyruvate Adsorbed on Pt/Alumina Catalysts 
Figure 5.7 - Adsorption Modes of Methyl Pyruvate at the Catalyst Surface' 4 
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Adsorption via T3—cis would lead to a large decrease in the frequency of both carbonyl 
bands, as shown in a later paper by McBreen el al., 132  where a band at 1543cm' was 
assigned to either the adsorbed carbonyls or a mixed mode of the adsorbed carbonyls and 
the C2—C3 stretch. However, while McBreen et al.' 2 use the frequency of the carbonyl 
band as some indication of the conformer of the adsorbed species (based on Wilmshurst's 
work' °), the carbonyl band is too broad, particularly in the unmodified case, to 
definitively assign the conformer. In this work, the cis/trans markers will be those 
discussed in 8 above. 
Based on the summary above, it appears clear that methyl pyruvate adsorbs at saturation 
coverage via the C2 carbonyl (1-3 and 6). The 3-ester carbonyl appears unaffected by 
adsorption, as are the 03—C3 and C4 bands (4 and 6). making T2 an unlikely adsorption 
mode, as well as T3—cis. The T3—cis mode is also improbable as there is no low 
frequency band around - 1550 cm'. The T3—trans mode would affect the C2 carbonyl 
(1-3 and 6), but the 03—C3 stretches and the C4 methyl vibrations (4) are unaffected, so it 
does not appear to be present. This leaves the TI forms, in agreement with the full 
coverage data given by McBreen el al. 132  The lower coverage case will be discussed 
further in the next section. 
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Adsorption via the C201 carbonyl in a TI adsorption mode would explain 6, if the 
adsorption band is removed completely, and not just red-shifted, and perturbation of the 
carbonyl bond would cause the red-shift of the CI-H asymmetric stretch (1) and could, to 
some extent, explain the presence of the methyl lactate-like M1P23 (3). Steric interaction 
with the catalyst surface may also come into play, explaining the apparent absence of the 
CI-H asymmetric bend (2). 
The TI adsorption mode can further be used to explain other details of the spectra, in 
terms of the Metal Surface Selection Rule, as discussed in Section 2.6.3. Adsorption in a 
pseudo-perpendicular mode would lead to those vibrations that are perpendicular to the 
metal surface being enhanced and parallel vibrations attenuated. This effect will not be as 
substantial as over a single metal crystal in RAIRS as there will be adsorption onto the 
alumina support, but it will still affect the spectra of the adsorbed methyl pyruvate. 
Methyl pymvate is a near-planar molecule, and as such has a C s point group symmetry, 
giving it 21 normal symmetric, in-plane modes (a') and 12 normal antisymmetric, out-of-
plane modes (a"), although the four a" torsional modes are not observed.' 
1O;1 13 Evidence 
for the influence of the MSSR can be seen in the spectra of the adsorbed species: as 
discussed in Section 5.2 - there is some enhancement of the CH stretching vibrations, 
relative to the carbonyl band, compared to the liquid spectrum, possibly due to the MSSR 
enhancement of the a' modes. Additionally, while MP30, the C4 rock, an out-of-plane 
vibration, is the strongest band in the liquid CH bending region, it is much reduced on 
both of the adsorbed spectra. Its position in the spectrum will lead to a certain amount of 
attenuation of the band, due to the IR window of the alumina catalyst, but it is also 
possible that some attenuation is due to the MSSR. 
From the data examined so far, it appears that methyl pyruvate adsorbs on the unmodified 
catalyst in the TI adsorption mode, in both cis and trans conformers (8). In contrast, 
although both conformers are present, it adsorbs on the modified catalyst with a marked 
preference for the TI-cis mode (8). This preference is reproducible and can only be due 
to the presence of the modifier. Fern et al. 133  found that ethyl pyruvate is more stable in a 
cis conformer in the case of a 1:1 complex with cinchonidine, which may explain this 
preference. Points 5 and 7 have not been considered here, as they are more closely 
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related to the nature of the interaction of methyl pyruvate with the metal surface and the 
modifier, and will be discussed in the low coverage section below. 
5.4 - Low Coverage Adsorption of Methyl Pyruvate on 
Pt/Alumina Catalysts 
The data discussed so far only relates to saturation spectra, but as part of the DRIFTS 
studies of the adsorption of methyl pyruvate onto both the unmodified and modified 
JM94 Pt/Alumina catalysts, time-resolved spectra were taken as the methyl pyruvate and 
helium were passed over the catalyst (discussed in more detail in Section 3.4). These 
spectra allowed the process of the adsorption of the methyl pyruvate to be studied, in the 
JR. from initial exposure until the saturation spectra. It is possible to use the Bio-Rad 
spectrometer software to extract individual spectra from the time-resolved data. These 
spectra are generated by co-addition of the data collected over a set time in seconds, 
allowing spectra to be produced showing the state of the adsorption of methyl pyruvate at 
a chosen time. 
Figure 5.9, shows the progression, over time, of the JR spectrum as methyl pyruvate and 
helium were passed over the unmodified catalyst. The numbers given for each spectrum 
in Figure 5.9 show the time, in minutes, at which the spectrum was extracted, co-adding 
data over 30 seconds in each case. The spectra have been baseline corrected at 3200, 
2200, 1500 and 1000 cm' and an atmospheric water absorption spectrum subtracted from 
each for clarity. Throughout this work, each spectrum was compared with the raw data in 
order to avoid loss or appearance of features. A similar procedure has been carried out 
for methyl pyruvate adsorption onto the modified catalyst, and these spectra are shown in 
Figure 5.10. Unlike Figure 5.6, these spectra do not show the region between 2700 and 
2100 cm' as there are no significant spectral features in this region. In addition, the 
spectra have been highlighted to show the various adsorption markers: MP8; the nominal 
liquid frequencies of the carbonyl bands, C2-O and C3=0; the LP adsorption carbonyl 
band, -.1 660cm'; MP23/24; and the cis/trans markers. 
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Figure 5.9 - Adsorption of Methyl Pyruvate onto Unmodified JM94 
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Figure 5.10 - Adsorption of Methyl Pyruvate onto Cinchonidine-Modified JM94 
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intensities that are present in the saturation spectrum, particularly the dominant peak in 
each spectral region. However, the lower coverage spectra do explain some of the 
differences between the saturation DRIFTS spectra and the liquid spectra, discussed in 
Section 5.2. MP7, the C4—H asymmetric stretch, is present in the lower coverage spectra 
but becomes dominated by MP8 and reduced to a shoulder. A similar effect is found with 
MP 10 in the unmodified spectrum; MP9, at 2960 cm 1 , is the dominant peak in the CH 
stretching region and it gradually overshadows MPIO, causing an apparent shift from 
2929 to -2940 cm-1 . In the case of the modified spectra, the increased noise, as discussed 
in Section 5.2, prevents MP 10 from ever being clearly defined. 
This reduction in sensitivity over the modified catalyst is most significant in the CH 
stretching region, reducing the ability to determine what changes are occurring in the 
spectra and, by extension, in the adsorption mode. It could also explain the difference in 
shape of the overtone of v 25 band, MP13 at 2850 cm -1 ; over the unmodified catalyst, the 
overtone only changes in intensity; over the modified catalyst, it is initially much broader 
and flatter. This is probably due to the lower sensitivity, as v 25 itself (MP22 at 1420 cm) 
appears to be absent from both sets of spectra, and no change can be seen in the lower 
coverage spectra at this frequency. 
Unlike MIP7 and MIP10, the absence of MP22 is not explained by the lower coverage 
spectra; it does not appear at any exposure level. Similarly, there is no evidence d oFMIPI4 
at lower coverages, and the cause of the very weak band at —1513 cm -1 in the modified 
case is still not apparent. Likewise, the low coverage spectra do not provide a definitive 
explanation for MP 18, thus far assumed to be water-hydroxyl bending. 
What is clear, especially when compared with the growth of the carbon monoxide peak, is 
that MP 18 and the hydroxyl band at —3500 cm -1 (not shown) both come from the methyl 
pyruvate in some way. The background for the absorbance spectra is the unmodified 
catalyst under flowing helium, therefore any contaminants in the carrier gas would be 
expected to be present before the methyl pyruvate was introduced. Therefore bands due 
to carrier gas contaminants would only increase slowly, whereas bands due to the methyl 
pyruvate would be expected to grow in more quickly, like bands due to methyl pyruvate 
itself such as MP9 and MP 15. The band at --'3500 cm-1 quickly reaches its maximum, as 
does MP 18, but the CO band does not really become visible until —10 minutes of flowing 
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helium and methyl pyruvate. Therefore it is likely that the CO is caused in this case by 
contamination from the helium carrier gas, but NW 18 is due to the methyl pyruvate, 
although it is not linked to the growth pattern of any other band. 
Margitfalvi et al.127 have discussed the high reactivity of a-ketoesters and the fact that 
they can dimerise, condense, cyclise and oligomerise on storage, leading to contaminants 
such as water, pyruvic acid, methyl lactate and high molecular weight compounds. 
Moisture contamination in the reactant could cause the quickly growing bands at 1610 
and 3500 cm-1 . An attempt was made to remove water from the methyl pyruvate by 
using dried glassware with molecular sieves, but this led to the sample quickly becoming 
very yellow in colour, indicating an increase in pyruvic acid. It appeared that drying the 
sample increased the dissociation to pyruvic acid, so the sample was just used as 
received, apart from the online 'distillation' discussed in Section 3.2. 
In Figure 59A, it can be clearly seen that both MP8a and MP8b are present initially. As 
coverage increases, MP8b dominates, showing a change in the bond order of the C2 
carbonyl due to adsorption. However, while MIP8a is present when the carbonyl band is 
at the nominal C2 carbonyl frequency, it is not possible to link these two bands directly. 
Spectra taken at higher temperatures (discussed in Chapter 7) show even lower carbonyl 
frequencies when MP8a is not present at any point. In addition, the frequency of the free 
carbonyl, not engaged in the adsorption to the catalyst, is affected by the adsorption. Its 
frequency could be decreased due to the adsorption via the other carbonyl, as discussed 
above,' 12;111  and it could be blue-shifted by dipole-dipole interactions of molecules at the 
surface. Therefore, MP8b is the best marker for indicating chemisorption via the C2 
carbonyl. The presence of MP8a at lower coverages may be due to initial adsorption via 
the C3 carbonyl, although the T2 modes are energetically unfavourable, or simple 
physisorption of the C2 carbonyl that does not reduce the bond order. Comparing MP8a 
with the LP adsorption band does not offer any further explanation as the two bands have 
opposite growth patterns. The modified case has preferential chemisorption via the C2 
carbonyl from the start, with MIP8a only weakly showing, although it is less obvious due 
to the low sensitivity of the modified spectra in this region. 
As discussed above, the carbonyl band does not simply shift between the frequencies of 
the two bands of the free carbonyl; it is mostly useful as a coverage marker. It starts at 
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the nominal C2 frequency at low coverage - 1736cm' for the unmodified catalyst and 
I 743cm' for the modified catalyst - before increasing to the nominal C3 frequency - 
1755 cm-1 in both cases. This increase in frequency is more likely to be due to increasing 
coverage than a shift from a T2 to a TI adsorption mode, as there is no other evidence of 
the T2 modes. What the carbonyl band does show is that the modifier is strongly 
influencing the C3 carbonyl, it increases the frequency of the band at low coverage and 
reduces the perturbation (width) of the band overall. 
In addition to the carbonyl band, Figure 5.9B and Figure 5.10B also show the LP 
adsorption of the methyl pyruvate (MP 17) and a previously unseen band at 15 85cm' 
(MP I 8a). The intensity of MIP 17 only acts an indication of the proportion of the surface 
species adsorbed via a carbonyl lone pair, and does not link directly with any other band. 
LP adsorption is obviously not a major adsorption mode, and its near-total absence from 
the modified spectra implies that it is not part of the reaction route. The new band, a 
shoulder to MP 18 hidden by saturation coverage, could be tentatively assigned as 
adsorption via T3—cis as it is approximately equivalent to the enediolate band observed by 
McBreen et al. 132  over Pt( 111). It is larger over the unmodified catalyst, but like MP 17 
still not a major adsorption mode. Over the modified catalyst, it may be present, but if so 
is very weak and forms part of the very weak broad band from 1660 cm -1 (M1P17) to 
—1560 cm-1 . 
Figure 5.9C and Figure 5.1OC show the CH bending region of the spectra, which contains 
most of the adsorption markers: M1P23/24 and the cis/trans markers. In the case of 
MP23/24, the lower coverage spectra show that the splitting of the Cl—H symmetric bend 
is not due to a decrease in bond order of the neighbouring carbonyl as the behaviour of 
the two bands over time is not similar to MP8a/b. In the unmodified case, MP23 grows 
in first, with a small amount of MP24 present, but then, near spectral saturation, MP24 
reaches comparable intensity with MP23. In the modified case, the situation is almost 
reversed; MP24 is present from the start, while MP23 is only present near spectral 
saturation. The presence of MP23 is probably due to some perturbation affecting only the 
C  methyl itself. 
The conformational behaviour of the adsorbed species is strongly affected by the 
modifier; it can be seen that methyl pyruvate initially adsorbs onto the unmodified 
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catalyst in the cis conformation, before switching to a more trans character after --6 
minutes. However the situation is reversed over the modified catalyst; methyl pyruvate 
adsorbs initially in the trans conformer, until around 4 minutes where both conformers 
are present in approximately equal amounts. Thereafter the cis bands dominate. An 
additional difference between the unmodified and modified spectra in this spectral region 
is that MIP30 (C4 a" rock) is visible from the early stages of the methyl pyruvate 
adsorption over the modified catalyst, but the unmodified spectra only show this band at 
saturation. As this band is an out-of-plane vibration, it appears that the modifier is 
reducing the planarity of the adsorbed species. 
5.5— Conclusions 
A scheme of adsorption modes for methyl pyruvate over the two catalyst states can be 
drawn from the data in the previous sections. With reference to Figure 5.7, Table 5.2 lists 
these modes, ignoring cis/trans conformations and markers, with the relevant spectral 
markers in each case; those markers in italics are speculative. The T2 modes have been 
omitted, as they are energetically unfavourable; counter-intuitive for the hydrogenation of 
the a-keto carbonyl; and no spectroscopic evidence has been observed. 
The Ti modes have a subscript, COM or LP, corresponding to adsorption via a 
C2-01—metal bond or a lone pair interaction with the metal. A COM bond is assumed 
for MP8b and the absence of the C2 carbonyl band from the spectrum. The C-0—metal 
bonds would have frequencies low enough that they would not appear in the DRIFTS 
spectra, 118;111  so absolute confirmation of this adsorption mode is unfortunately not 
possible. LP adsorption is based on MPI7, which may be linked to MP8a, although 
there is no obvious correlation in the changes in relative intensities. MP8a may indicate 
yet another adsorption mode, similar to a TI mode, but with a less formal physisorption 
bond to the catalyst surface. 
It is only possible to be definitive about the adsorption of the methyl pyruvate on the 
modified catalyst as the adsorption markers are more prescribed than the unmodified 
case; the unmodified case is much more complex. However, the removal of some of this 
complexity is, in itself, an indication of the effect of the modifier on adsorption. 
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Table 5.2- Spectral Markers for the Adsorption Modes of Methyl Pryuvate at the 
Catalyst surface 
T1COM 





C3 carbonyl -1755 
C 3 No C2 carbonyl 
Steric or other effects on the Cl MP23 
2C. 





4 CH 3 Marker Freg /cm -1 
MP8b/MP8a 2990/3010 
20\ /03 C3 carbonyl -1755 
C3 C2 carbonyl adsorbed via lone 1660 
pair interaction (MP 17) 
2C 
Steric or other effects on the Cl MP23 
/ methyl No MP22 
H3C 
T3—cis 




No steric effects on Cl, 03, C4 
T3—trans 
Marker Freg /cm -1 
HG 	 d 	M P8b 2990 
C3 carbonyl --1755 
No C2 carbonyl 
19/ 	
çi-i3 No steric or other effects on the MP23 
I 	
I Cl methyl No MP22 
Lower or absent 03 bands 
Steric effects on the C4 methyl 
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Specifically, that it restricts the modes of adsorption to a smaller subset that are more 
readily identified. 
At low coverage over the unmodified catalyst, the principal mode of adsorption is Ti-
CZSCOM although there is some evidence of T3—cis as well as physisorption via the C2 
carbonyl without a reduction in bond order (MP8a and no C2 carbonyl present). As 
coverage increases, Tl Lp begins to increase, and T1—IranscoM becomes slightly more 
populous. The TI adsorption modes appear to be nearly perpendicular to the surface, as 
the in-plane C4 methyl bending vibrations are enhanced on adsorption and the out-of-
plane C4 rock is reduced in intensity, possibly due to MSSR. 
At low coverage over the modified catalyst, methyl pyruvate is principally adsorbed via 
TicoM  (MP 8b) in both conformers although MIP8a is present. As the coverage increases, 
TI—ciscoM  becomes the dominant mode. The modifier influences the adsorption in 
several ways: it induces a cis adsorption mode as coverage increases and weakens the C2 
carbonyl in some fashion, as shown by the near absence of the T1 Lp mode. In addition, it 
appears to reduce the planarity of the molecule, as the C4 methyl bending vibrations are 
decreased in intensity and the out-of-plane C4 rock is enhanced. 
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Chapter 6— The Room Temperature Reaction of 
Methyl Pyruvate over Pt/Alumina Catalysts 
6.1 - Introduction 
The reactions discussed in this chapter were carried as described in Section 3.4. They 
were carried out with no external heating of the catalysts, which meant an average 
catalyst temperature of -23 °C. The catalysts used were JM94 Pt/alumina catalysts, 
reduced in situ for the umnodified experiments (Section 3.3.1), and reduced ex situ for the 
cinchonidine catalysts (Section 3.3.2). The experiments over both catalyst states were 
repeated and, in the case of the gas chromatography data, averaged, to reduce errors in the 
data analysis. 
6.2 - DRIFTS Studies of the Room Temperature Reaction 
of Methyl Pyruvate 
A summary of the spectra and frequency assignments in this Section are shown in 
Appendix A. 
6.2.1 - Steady-State DRIFTS Spectra of the Reaction 
As discussed in Section 3.4, once the gas chromatography showed that the reaction was at 
a steady state of conversion from methyl pyruvate to methyl lactate, a single beam 
spectrum was taken of the catalyst surface, showing the steady state reaction spectra of 
methyl pyruvate and hydrogen over the catalysts. Using the plain catalyst (i.e. the 
catalyst, modified or unmodified, under flowing helium before introduction of methyl 
pyruvate) as a background produced absorbance spectra where the methyl pyruvate 
appears to have been completely consumed, leaving only adsorbed methyl lactate. 
These spectra, along with the liquid transmission spectrum of S-methyl lactate, are shown 
in Figure 6. 1, with the assignments for the peaks of all three spectra given in Table 6.1. 
The spectra have been normalised to the main carbonyl peak, baseline corrected by a 
spline fit function with tie points at 4000, 3800, 3200, 2200, 1500 and 1000 cm t , and an 
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atmospheric water absorption spectrum subtracted from each for clarity, taking care to 
avoid the introduction of artefacts by over-correction. Figure 6.2 shows the spectra in 
Figure 6.1 expanded in the three main regions and normalised to the main peak in each 
case 
Figure 6.1 - Steady-State Reaction DRIFTS Spectra 
Methyl Pyruvate and Hydrogen over 
Unmodified JM94 
Methyl Pyruvate and Hydrogen over 
Cinchonidine-Modified JM94 
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Table 6.1 - Frequencies and Assignments of the DRIFTS Spectra of the 
Conversion of Methyl Pyruvate and Hydrogen to Methyl Lactate over Unmodified 
and Cinchonidine-Modified JM94 
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Cl—H asymmetric  
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C4—H symmetric  
2957 w 2958 mw 2958 	w ML4 stretch (V3) 
2908 w sh N/A N/A ML5 C2—H stretch 
2890 w 2888 w 2879 	w ML6 C2—l-1 stretch 
C2—H stretch for the 
GskC conformer or 
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Cinchonidine- 
Liquid Methyl Unmodified Modified 






/cm-1 /cm -1  1 
2057 vvw 2082 vvw 2072 vw ML8 Combination band 
1957 vvw 1963 "v" 1964 vw MIL9 Combination band sh  
Combination band or 
—1790 "k' sh 
1792 s sh 1795 s W10 unassigned carbonyl 
1741 vs 1754 vs 1750 vs MIL11 C3=O2 stretch (v5) 
Carbonyl adsorbed 
N/A 1658 mw N/A ML12 via lone pair 





N/A  1510 vw ML14 Unassigned 
C4—H asymmetric 
1453 mw 1451 in 1455 w MILlS bend (v7 , v24) 
C4—H asymmetric 
1438 mw 1439 in 1442 w M1L16 bend (V8) 
In-plane 
1408 w N/A N/A MIL17 01—H bend 
Cl—H symmetric 
1373 w 1379 mw 1374 w MIL18 bend(v10) 
In-plane 
Cl—H symmetric 
bend (v 10) 
N/A 1354 mw N/A ML19 In-plane 
Perturbed to methyl 
pyruvate_frequency 
C2—H rock - 
1320 wsh 1315 mw 1316 w ML20 SsC/GskC 
1267 mw 1281 mw 1265 mw ML21 03—C3/4 stretch (v ii ) 
CCH deformation or 
1219 m 1231 mw 1229 mw M1L22 03—C3/4 stretch (v11) 
for GskC 
Methyl rock 
1132 ms 1 . 140 w 1140 w ML23 (C4—v26 , C  —v27) 
Out-of-plane 
1087 w N/A N/A ML24 
Cl rock (v 13)  
In plane 
1047 mw 1 	1050 vw 1050 vw I  M1L25 C—C stretch (v 14) 
As expected, the steady state reaction spectra show standard methyl lactate peaks, for the 
most part. Only those bands that exhibit significant differences from the liquid methyl 
lactate spectrum will be discussed in this section, as it will shown in Section 6.2.3 that the 
shape of the DRIFTS spectra is influenced by the prior adsorption of methyl pyruvate. 
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In the DRIFTS spectra of methyl pyruvate (Section 5. 1), both the unmodified and 
modified spectra show a rise in the trace below the band at 2850 cm' (MP13), with a 
maximum at —2560 cm', while the liquid methyl pyruvate spectrum has a flat baseline at 
this point. The rise in the trace can be attributed to an increase in the intensity of some 
combination bands. There is a similarrise in the trace for both the unmodified and 
modified methyl lactate spectra, but it is significantly larger for the unmodified case, 
although the peaks are more defined over the modified catalyst. It is again assumed that 
this is due to an enhancement of the many combination bands expected to be in this 
region of the spectrum. 
When methyl pyruvate was adsorbed onto the unmodified catalyst, a CO band Was visible 
at 2020 cm 1 , although it was not present over the modified catalyst. The CO is still 
visible for methyl lactate on the unmodified catalyst but the band is red-shifted by 
—20 cm i , although the intensity has not changed. Mallat et al. 124 have shown that moving 
from an argon/ethyl pyruvate atmosphere to a hydrogen/ethyl pyruvate atmosphere 
changed the character of the CO infrared band, indicating a change in concentration of 
carbon monoxide. A similar effect is expected here. 
The intensity of the CO peak also appears to have increased over the modified catalyst. 
However, closer examination of all three spectra shows that if the CO band is ignored, 
there are two bands in this region common to all methyl lactate spectra, ML8 and ML9. 
These bands (at —2070 and —1960 cm) are barely visible in the liquid spectrum, but can 
be clearly seen in the modified case. In the unmodified case, ML8 can be seen, while 
ML9 is actually a shoulder on the low frequency side of the CO band. These bands were 
not observed by Borba et al. 119 for methyl lactate, but Wilmshurst et al."° observed 
combination bands at these frequencies for methyl pyruvate; in both cases v 16 , the CI—C2 
stretch, was one of the contributory vibrations. While the other two bands leading to the 
combination bands in methyl pyruvate are not at the same frequencies in methyl lactate, 
there are vibrations that could give these combination bands. 
The major differences between the three spectra.is  at —1790 cm-' (ML 10). Both of the 
DRIFTS spectra show a clear band, while the liquid methyl lactate spectrum only shows a 
very weak shoulder. The band is much clearer over the modified catalyst, probably due 
to the narrower main carbonyl peak. Borba et al.' 9 discuss a small band at 1779 cm' in 
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their matrix isolation spectra. It appears at a value that could indicate the presence of an 
energetically unfavoured conformer, but they conclude that it is more likely to be a 
combination band. While this does offer an attractively simple explanation for the band 
seen in Figure 6.213, only the liquid spectrum shows a peak at a low enough intensity for 
that to be a likely option. In both DRIFTS spectra, this band is nearly as large as the C3 
carbonyl peak, indicating another cause. ML10 and the broad band, between --'1610 and 
-4560 cm 1 , will be discussed further in the next section. 
As in the spectra of adsorbed methyl pyruvate, the C4-H methyl lactate bending 
vibrations (Figure 6.2C) are increased in relative intensity over the unmodified catalyst 
and this enhancement is absent from the modified catalyst. In addition, over the 
unmodified catalyst, there is still the splitting of the CI-H symmetric band, first seen for 
the adsorbed methyl pyruvate: ML1 8 is the purely methyl lactate form at -'1375 cm' and 
ML 19 at --'1354 cm-1 is the methyl pyruvate form. This splitting of the CI-H symmetric 
bend vibration could be an indication of incomplete conversion to methyl lactate at the 
catalyst surface or it could be related to surface effects similar to those observed for 
methyl pyruvate, where there are also two bands for this vibration. MIL19 is not visible in 
the spectrum of the modified system. 
While most of the differences between the liquid and DRIFTS spectra in the lower 
spectral region are in relative intensity, most of them will be discussed in the next section 
and only ML23 (--'1140 cm) will be discussed here. This is the largest band in the CH 
bending region for the liquid methyl lactate and is assigned to an out-of-plane methyl 
rocking vibration. In the methyl pyruvate spectra, the band at this frequency is the C4 
rock" ° but Borba et al."9 show frequencies for both the Cl and C4 vibrations to be 
within 20 cm, with the Cl band as the stronger vibration. Its exact character in the 
DRIFTS spectra will be discussed further in the next section. It does have a lower 
intensity in the DRIFTS spectra, but this can be explained by the overall decrease in 
DRIFTS signal as the catalyst support reaches JR opacity at --'1100 cm 1 , which also 
explains the near-absence of ML24 and ML25 from the DRIFTS spectra. 
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6.2.2 - Kinetics DRIFTS Spectra of the Reaction 
As discussed in Section 5.4, the infrared spectrum of the system under study can be 
monitored as the system changes with time; in Section 5.4 this was used to examine the 
lower coverage spectra as methyl pyruvate was adsorbed onto the catalysts, here it is used 
to study the course of the hydrogenation reactions of methyl pyruvate over the catalysts. 
The kinetics spectra of the adsorption of methyl pyruvate were shown as absorbance 
spectra with a plain catalyst background (Section 6.2.1) and this approach can also be 
used for the reaction kinetics data. Figure 6.3 shows the kinetics DRIFTS spectra for the 
reaction of methyl pyruvate over the unmodified JM94 catalyst at room temperature, with 
a plain catalyst background. The similarity in the infrared spectra between methyl 
pyruvate and methyl lactate makes it difficult to fully follow the growth of the methyl 
lactate bands as the reaction progresses so 'differential' kinetics spectra will be used. 
The kinetics spectra in Figure 6.3 were baseline corrected and an atmospheric water 
spectrum subtracted, taking care to avoid loss or appearance of features. Then the 
saturation coverage methyl pyruvate spectrum, essentially the first spectrum of the 
kinetics file, subtracted. This gives a series of spectra where the growth of methyl lactate 
bands can be seen as large positive peaks and the decrease in size of methyl pyruvate 
bands can be seen as large negative peaks, as the surface methyl pyruvate is consumed by 
reaction. To aid clarity, the saturation coverage methyl pyruvate spectra from Figure 5.5 
and the steady state reaction spectra from Figure 6.2 are also shown. 
Figure 6.4 shows the differential spectra for the reaction of methyl pyruvate over the 
unmodified J1M94 catalyst at room temperature and Figure 6.5 shows the corresponding 
spectra for the cinchonidine modified reaction. In common with all of the differential 
spectra shown in this work, the adsorbed methyl pyruvate spectrum and the steady state 
reaction spectra are also shown; these spectra have been reduced by a factor of two in 
order to fit into a comparable scale with the differential spectra. For clarity, the spectra 
have been offset by an arbitrary separation factor. The times shown are taken from the 
time the carrier gas was switched from helium to hydrogen. 
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Figure 6.3 - Hydrogenation Reaction of Methyl Pyruvate over Unmodified JM94 
Catalyst at Room Temperature 
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Due to the chemical similarity between methyl pyruvate and methyl lactate, there are not 
many vibrations that are specific to one and not the other and many bands have similar 
frequencies, even for different vibrations. Therefore, the two most visible negative peaks 
in Figure 6.4 and Figure 6.5 (marked by green lines) are used to determine the extent of 
surface methyl pyruvate after the reaction appears to be in steady state conversion. The 
first peak is at —1360 cm', the frequency of the methyl pyruvate CI—H symmetric bend 
(MP24). For both the unmodified and modified differential spectra, this negative peak 
can just be seen in the spectra corresponding to 2 minutes, and is quite intense by the 
third minute. This indicates that the surface species responsible for this band is almost 
completely consumed within the first three minutes of the reaction, implying that most of 
the surface methyl pyruvate has been consumed by this time. However, there is a 
difference in the behaviour of this band between the unmodified and modified differential 
spectra. 
In the unmodified spectra, the negative peak continues to increase in size as the reaction 
progresses, but in the modified case it reaches maximum intensity by 6 minutes, and then 
does not increase further. This is due to a difference in the steady state reaction spectra of 
the two systems; the unmodified spectrum shows a definite band at 1354 cm -1 (MI-19), 
130 
Chaiier (1 he Ruom Temperature Reaction 	Methyl Pyru ate uver Pt A lumina C atal\ st' 








pyruvate and steady 
slate reaction spectra 
have been halved 
0.00 
3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 
Wavenumber /cm -1 
0.150 
0.125 
B — Carbonyl 
Region 
Adsorbed methyl 
pyruvate and steady 
state reaction spectra 
have been halved 
0.000 
2100 2050 2000 1950 1900 1850 1800 1750 1700 1650 1600 1550 150C 
Wavenumber 1 -m 1 






pyruvate and steady 
state reaction spectra 
have been divided by a 














4 mSn 45 nn 
5— 	-- 10mm 





1500 1450 1400 1350 1300 1250 1200 1150 1100 1050 100C 








15 min 20 n*, 
25 545 
Skady s 




















(.. hapier 6 	Ihe Rooiii I ei .ratur Reaion ol \ktl1\ I P\ rtj ate o r Pt Alumina Catal sis 
Figure 6.5 — Differential Spectra for the Reaction over Modified JM94 at Room 
Temperature 
0.06 
- 	 1.5 in 	2*. 
3r,, 3.5 min 




10n I5,,.. 	20 "On 











B — Carbonyl 
Region 
Adsorbed methyl 
pyruvale and steady 
state reaction spectra 
have been halved 
3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 
Wavenumber /cm 1 
0.175 
5 in 
0.150 	 .j 2 in 
min  
0.125 	 1 








< 0.050 	 1 
2100 2050 2000 1950 1900 1850 1800 1750 1700 1650 1600 1550 1500 













pyruvale and steady 
state reaction spectra 
	
0.01 
have been halved 
0.00 
-0.01 
1500 1450 1400 1350 1300 1250 1200 1150 1100 1050 1000 
Wavenumber /cm - ' 
132 
Chapter 6 - The Room Temperature Reaction of Methyl Pyruvate over Pt/Alumina Catalysts 
marked in Figure 6.4C, while the modified spectrum does not. This apparent continued 
increase in the negative intensity is one of the artefacts inherent in using differential 
spectra; bands are increasing in intensity on either side of the purely methyl pyruvate 
vibration at 1360cm 1 , thereby giving the appearance of an increase in negative intensity. 
The modified system does not have a band growing in at —1350 cm' so only shows the 
complete consumption of MP24. 
ML 19 itself does not have a clear assignment; neither Borba" 9 nor Gigante" 8 show a 
band at —1354 cm'. It could indicate some continued presence of MP24 (-1360 cm') 
due to incomplete conversion at the surface but the growth of the band over time makes 
this unlikely. As methyl pyruvate was adsorbed on the catalyst surface (Section 5.2), the 
Cl symmetric methyl bend was split into MP23, a methyl lactate character band at 
—1375cm 1 , and MP24, the liquid methyl pyruvate character band at —1360cm'; it is 
possible that a similar effect has happened to the methyl lactate Cl symmetric methyl 
bend, ML18 at —1375cm 1 . ML19 could be a perturbation of the Cl methyl leading to a 
separate methyl pyruvate-like vibration at —13 55cm 1 and the modifier is inhibiting this 
perturbation. 
The second large negative peak is at —1310 cm 1 , correlating to MP25, the trans 03—C 
stretch. Its behaviour is very similar to the negative band discussed above; it swiftly 
reaches a maximum negative intensity over both catalysts, again implying complete 
consumption of the surface methyl pyruvate. While its negative intensity does continue 
to increase over time, this is again an artefact, mostly due to the increase in the intensity 
of the bands either side (ML20 and ML21). 
As these experiments take place in a flow reactor with continually flowing methyl 
pyruvate, the apparent absence of methyl pyruvate from the steady state reaction DRIFTS 
spectra means that the methyl pyruvate is adsorbing on the catalyst surface and reacting 
very quickly, possibly due to the excess of hydrogen in the system. A further 
consequence of this is that there must be fast transfer of both the reactant and product 
between the support and the platinum metal sites. 
Using differential spectra not only allows the removal of methyl pyruvate from the 
catalyst surface to be observed; it is also makes some of the characteristic methyl lactate 
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bands clearer, allowing easier assignment. In the liquid spectrum (Figure 6.2A), the Cl 
symmetric methyl stretch (ML3 at 2990cm) and the C4 asymmetric methyl stretch (ML4 
at 2960cm') have comparable intensities but the two DRIFTS steady state reaction 
spectra look more like methyl pyruvate with a more intense C4 vibration. However, the 
differential spectra show that both MIL3 and ML4 do have comparable intensities. 
Another peak to be considered is ML7 at 2850 cm -1 . This band is at the frequency of the 
C2—H stretch for the GskC conformer,' 18;1 19 which has the same frequency as a methyl 
pyruvate combination band (MIPI3)." ° In the liquid spectrum, the band is only a 
shoulder, but in the steady state reaction DRIFTS spectra it is a much more visible and 
intense peak, with slightly stronger intensity over the unmodified catalyst than over the 
modified catalyst. It is not immediately clear from the steady state reaction spectra 
(Figure 6.2A) whether this increased size of the band is due to a large increase in the 
population of the GskC conformer due to the adsorption mode; an enhancement of the 
intensity of the band due to MSSR; or evidence of methyl pyruvate at the catalyst surface. 
With the differential spectra, it can be clearly seen that MIL7 is only a weak shoulder, of 
comparable intensity to the liquid spectrum, and even less intensity over the modified 
catalyst. It appears that the GskC conformer is present at the catalyst surface in 
comparable quantities to the liquid phase. 
In the carbonyl region, the growth of ML 10 (1790 cm') can be clearly seen, but the 
identity of the band is no clearer, although it is significantly more intense over the 
modified catalyst, as the smaller FWFIM of the main carbonyl peak is no longer 
influencing the shape of the peak. It is still too strong to be a combination band, but it 
could be evidence of pyruvic acid, which may be expected to have a carbonyl vibration at 
this frequency. Pyruvic acid has been observed in the gas chromatography, but due to 
resolution difficulties, not reproducibly. However, in the infrared, pyruvic acid would be 
expected to be frequency-degenerate with methyl lactate and methyl pyruvate, so ML! 0 
remains an unknown carbonyl vibration. 
Liquid methyl lactate has a C3 carbonyl stretch at 1741cm 4 (NIL 11) but Figure 6.413 and 
Figure 6.513 appear to show two bands growing in at 1750 and 1720 cm'. It could be that 
MILl 1 has been bifurcated by the subtraction of MP16 (1734 cm'), an artefact of 
producing the differential spectra. However, as discussed in Chapter 5, this band is not 
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expected to be present in the spectrum of adsorbed methyl pyruvate so it appears that 
these bands are due to methyl lactate vibrations. Over the unmodified catalyst, the bands 
have comparable intensity throughout but, over the modified catalyst, the lower frequency 
band is initially more intense until -10 minutes when the higher frequency band 
dominates. It is probable that both bands are adsorptions of the methyl lactate carbonyl 
but difficult to determine the cause of the difference. It may be related to conformer or 
adsorption mode but it is not possible to be certain. 
Just below the carbonyl band over the unmodified catalyst, the decrease in intensity of 
MP 17 (adsorption via a lone pair) can be clearly seen at -1660 cm' 1 , as can the growth of 
a band due to the methyl lactate at 1680 cm 1 , which may indicate adsorption via the C4 
lone pair for methyl lactate. This band is also present over the modified catalyst, but at a 
much lower intensity. 
The increase of the water hydroxyls' intensity can also be seen at -1610 cm'. For methyl 
pyruvate adsorption, this band was significantly larger for the unmodified catalyst; 
however, the situation appears to be reversed under reaction conditions. The unmodified 
catalyst shows no change in the water hydroxyls' intensity, but a very broad band can be 
seen increasing in intensity for the modified catalyst. 
Ferri et al. 126  discuss a cinchonidine catalysed aldol condensation with ethyl pyruvate 
(shown in Figure 6.6). Figure 6.7 shows a possible condensation route for methyl 
pyruvate, which could lead to the increase in water seen over the modified catalyst. The 
lactone product, 1 ,2-cyclobutanedione may also explain the presence of ML 10 (-1790 
cm-1 ). The Ferri mechanism is cinchonidine catalysed, but a simple base, such as the 
alumina support, may be sufficient to catalyse the reaction. The added base of the 
cinchonidine could explain the increased size of ML 10 over the modified catalyst. The 
lactone may not be volatile enough to desorb from the catalyst, explaining its apparent 
absence from the gas chromatographs. Unfortunately, with the exception of the lactone 
carbonyl vibrations many of the other bands expected from this product are likely to be 
frequency-degenerate with methyl pyruvate and methyl lactate so no further evidence for 
its formation is observed. 
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Figure 6.7 - Possible Condensation Mechanism for Methyl Pyruvate 
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Using Near Edge X-ray Absorption Fine Structure (NEXAFS) and Scanning Tunnelling 
Microscopy (STM), Lambert et al. 16;26;114 ; 13'  have observed another side in which methyl 
pyruvate polymerises in conditions of hydrogen starvation. These polymers have intact 
carbonyls but no C=C bonds and may be the cause of the band at -4790cm 1 . However, 
as the polymerisation requires hydrogen starvation, the band should grow quickly at the 
start of the reaction and then slow down as the surface hydrogen concentration increases. 
This is not the case for ML 10, so while polymerisation may be occurring, it is not 
observed in the infrared. 
In the CH bending region (Figure 6.4C and Figure 6.5C), the two large negative peaks 
have been discussed above, but other features of interest are shown. ML 17, the 01-H 
bend is not visible in the steady state spectra but it can be seen growing in at -4410 cm ' , 
although it is much reduced over the modified catalyst. Another difference between the 
catalyst states is in the large band growing in at 1465 cm -1 ; it only appears over the 
unmodified catalyst. Borba et al."9 show that the strongest C-H bending vibration is a 
frequency-degenerate band due to the out of plane asymmetric CI-H bend and the in 
plane asymmetric C4-H bend at 1463 cm -1 . The band was not observed for the liquid 
spectrum, or either of the steady state reaction spectra. Due to the degeneracy of the 
band, it is not possible to make any clear assertions about the adsorption mode over the 
unmodified catalyst that is causing this band to become visible. 
The symmetric CI-H bend (ML 18 at -1375 cm') has been bifurcated in the differential 
spectra; the adsorbed methyl pyruvate shows a methyl lactate character band at the same 
frequency, so its subtraction splits the peak. This effect is more pronounced over the 
unmodified catalyst, as the band is more intense for both methyl pyruvate and methyl 
lactate. This could be an indication that the methyl lactate CI-H is hindered in some 
fashion by the adsorption mode over the modified catalyst. 
The behaviour of several other bands is clarified by the differential spectra. The 
consumption of methyl pyruvate can be seen in the negative band at -1195 cm', related 
to the methyl pyruvate trans C4 rock. Next to this negative band, a small band (-1185 
cm) can be seen growing in for both catalysts, with greater intensity for the modified 
catalyst. This is the methyl lactate in-plane C4 rock.' 9 It is too weak to be seen in the 
liquid or steady state spectra, but shows up more clearly in the differential spectra. 
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M1L23, a nearly frequency-degenerate, out of plane methyl rock, shows similar behaviour 
at —1135 cm'; whilst this band is present in the steady state and liquid spectra, it is much 
more visible in the differential spectra. 
Borba et al.119  show that both the Cl and C4 methyl rocking vibrations are at this 
approximate frequency, with the C4 vibration having a higher frequency. The liquid 
spectrum shows this band at 1132 cm -1 , strongly implying the presence of the Cl rock, 
but both steady state spectra have it at 1140 cm', possibly indicating the C4 rocking 
vibration is also present. In the differential spectra, it is easier to see both bands over the 
two catalyst states. This could be due to the subtraction process causing bifurcation, as 
discussed with other peaks above, but the effect is significantly less extreme in this case. 
The modified catalyst spectra show a broad, uneven band with the main intensity at 1134 
cm' and a shoulder at 1150 cm -1 . The unmodified catalyst, which has a weaker band in 
the steady state spectra, for both methyl lactate and methyl pyruvate, also shows a 
significantly weaker peak, but does still show a broad, even, flat-topped band with 
shoulders at 1150 and 1130 cm'. This implies that both catalysts show both the Cl and 
the C4 out of plane rocking vibrations, that the vibrations are stronger over the modified 
catalyst and there is a preference for the C  rock. This could be due to some effect of the 
modifier on the adsorption mode. 
6.2.3 - The Adsorption Mode of Methyl Lactate on Pt/Alumina 
Catalysts 
Section 5.3 discusses the adsorption modes of methyl pyruvate based on the saturation 
spectra of adsorbed methyl pyruvate on both modified and unmodified JM94. It was 
concluded that the molecules were adsorbed via the C2 carbonyl, largely in a Ti mode, 
due to the frequencies and positions of the spectral markers. Unfortunately, the adsorbed 
spectra of methyl lactate are not as specific as the adsorbed methyl pyruvate spectra. 
Combining the DRIFTS steady state reaction spectra (Figure 6.2), with reference to the 
differential reaction spectra (Figure 6.4 and Figure 6.5), there really is very little 
difference between the DRIFTS and liquid spectra of methyl lactate. The CH stretching 
region does not show any marked changes from the liquid spectrum, and the CH bending 
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region only has MIL19 at 1350cm", over the unmodified catalyst, as a significant 
difference, which is not enough to determine the adsorption mode. 
More differences are shown in the carbonyl region of the spectrum: the CO band has been 
shifted; ML1O has appeared at 1790 cm"; there is a larger water hydroxyl band over the 
modified catalyst; and the differential spectra show a possible carbonyl band due to lone 
pair bonding, with a greater intensity over the unmodified catalyst, as well as two 
carbonyl bands at 1750 and 1720 cm. The shift of the CO band is probably due to the 
decrease in the coverage of the surface C0 8788 due to hydrogenation and there is no 
change in the main carbonyl band (ML 1 1); however, the other bands in the region may 
explain the adsorption modes of the methyl lactate. 
MIL1O, ML12 and ML13 do not appear in the infrared spectra of methyl lactate of either 
Borba et al.' 19 or Gigante et al.,118 nor are they related to Wilmshurst's methyl pyruvate 
spectrum." ° W12 has been assigned as a carbonyl adsorbed via a lone pair, based on 
literature data for chemisorbed ketOnes," 2 however the differential spectra show that the 
band at 1660 cm-1 is not due to methyl lactate and that the real band is at -'-1680 cm". 
This could be merely a shift in the band due to the hydrogen atmosphere, or something 
else entirely. Ferri et al. 128  discuss the decomposition of ethyl pyruvate to carbon 
monoxide, and suggest a band observed at 1680 cm in ATR-IR is due to 
methoxycarbonyl and a broad band at -'1600 cm is due to an unidentified carbonyl 
species. However, it is unlikely that these species are present, as no other bands are 
present in the current data. Additionally, the modified catalyst shows no carbon 
monoxide at all with only a very weak band at --'1680 cm", but there is a larger increase 
in the broad band at-1610 cm" than over the unmodified catalyst 
There are other side-reactions discussed in the literature that may explain the carbonyl 
region of the reaction spectra: aldol condensation' 26  and polymerisation. 134  While there 
are no literature spectra for the likely products of the polymerisation, these products 
would be expected to show intensity increases in the C-H stretching region, which have 
not been observed. 126 The lactone aldol condensation products discussed by Ferri et al. 126 
(Figure 6.6) have characteristic vibrations at 3228 (0-H stretch), 1781 (strong carbonyl 
stretch), 1749 (strong carbonyl stretch) and 1672 cm (C=C stretch). With the exception 
of the 0-H stretch, which would be hidden by the methyl lactate 0-H stretch, the other 
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bands could explain the carbonyl stretching region of the reaction spectra, and the lactone 
reaction shown in Figure 6.7 would be expected to have approximately similar vibrations. 
Unfortunately, the behaviour of the relevant bands in the differential spectra militates 
against this explanation for the vibrations; MILl 0 is larger and grows quicker over the 
modified catalyst, but the reverse is true for the band at —1680 cm' and there is no 
evidence of the alcohol side-products of the condensation reactions in the differential 
spectra. 
It therefore appears that the band at —1680 cm -1 is probably a lone pair adsorption mode, 
more prevalent over the unmodified catalyst, and that MIL13 is still likely to be water 
hydroxyls, although it is not clear why this should be more prevalent over the modified 
catalyst. ML1O remains unassigned, although it is probably due to some carbonyl 
vibration. It is at a frequency characteristic of lactones, 108126 but with no other bands 
clearly out of context, it is difficult to determine its cause. Another possibility is that the 
adsorption mode has increased the polarity or bond order of the methyl lactate C3 
carbonyl in some cases, with the effect more pronounced with the modifier present. 
As discussed in Section 3.4, the reaction was studied by gas chromatography as well as 
DRIFTS; these results will be covered in the next section. 
6.3 - Gas Chromatography Studies of the Room 
Temperature Reaction of Methyl Pyruvate 
6.3.1 - Conversion to 11/S—Methyl Lactate over Pt/Alumina 
Catalysts at Room Temperature 
Gas chromatography was used to monitor the conversion of the methyl pyruvate to 
methyl lactate, as well as the enantioselectivity of the modified catalyst reaction. Figure 
6.8 shows the conversion of methyl pyruvate to R/S—methyl lactate in the hydrogenation 
reaction over unmodified and cinchonidine-modified catalysts at room temperature. The 
data shown is averaged for two unmodified experiments and three modified experiments 
and the error bars are the standard deviations of the mean for each data point. An 
artificial zero reading at zero minutes of reaction time has been added for clarity. 
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Figure 6.8 - Conversion of Methyl Pyruvate to Methyl Lactate over Pt/Alumina 
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The cinchonidine-modified catalysts clearly show a higher conversion than the 
unmodified catalysts from the beginning of the reaction. After ninety minutes of reaction 
time, the unmodified catalysts showed an average conversion to R!S-methyl lactate of 
89%, whereas the modified catalysts showed an average conversion of 97%. As the 
experiments were run in a fixed-bed flow reactor, the conversion limits are analogous to 
the rates of reaction in a batch reactor system. The consistently higher conversions over 
the cinchonidine-modified catalysts show the expected rate increase for the modified 
system.43 However, the expected products and reactant were not the only eluents in the 
gas chromatograms, other potential side-products and contaminants were also observed. 
6.3.2 - Side-Products Observed by Gas Chromatography 
In addition to RIS—methyl lactate and methyl pyruvate, there were sometimes as many as 
twelve peaks in the gas chromatogram identified by the integrator. Most of these 
additional peaks were at the limit of detection and were not consistently reproducible, as 
the gas chromatography method was optimised for the separation of the two methyl 
lactate enantiomers. Pyruvic acid, for example, was eluted just before R—methyl lactate 
and could only be observed where the methyl lactate concentrations were very low; 
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otherwise, it was covered by the R—methyl lactate peak; once the reaction had reached 
steady state, pyruvic acid was not observed, but not necessarily absent. 
However, there were two peaks, in addition to RJS—methyl lactate and methyl pyruvate, 
that were more reproducible. These compounds were eluted in the first 3 minutes of the 
chromatogram, and were tentatively assigned as methanol and ethanol. The uncertainty 
in the assignment is due to slight variations in the retention times, and the very low 
relative concentrations of the compounds. Both methanol and ethanol have retention 
times comparable with these two peaks, and are possible side-products of the 
hydrogenation of methyl pyruvate. Adding trace alcohol contaminants to the bubbler 
increased the signal sufficiently to cause the retention times to shift slightly, so an exact 
match was not possible. Neither of these compounds has been clearly identified in the 
DRIFTS spectra, so it is assumed that they are only present in very small concentrations, 
or they have a significantly faster turnover frequency at the catalyst surface than either 
methyl pyruvate or methyl lactate. 
As discussed above, there are possible side-reactions of the Onto reaction in the 
literature; the dissociation of ethyl pyruvate to CO; 128 aldol condensation' 26 and pyruvate 
polymerisation. 134 The dissociation to CO also produces a methoxycarbonyl species, 
which could hydrogenate to produce methanol, but there is no spectroscopic evidence of 
CO over the modified catalyst, so this is not a likely reaction in this case. The aldol 
condensation and the polymerisation reactions would produce heavy molecular weight 
products, which are not observed in the gas chromatography, and would certainly not 
offer an alternative assignment for the two early-eluting compounds. However, both 
condensation reactions (Figure 6.6126  and Figure 6.7) and the polymerisation reaction 
have low molecular weight alcohols as side-products, which could explain their presence 
in the gas chromatogram. 
Two gas chromatograms were taken of the methyl pyruvate in helium, before introducing 
the reagent to the catalyst, when another two gas chromatograms were taken. The two 
reproducible eluents, methanol and ethanol, were present in gas chromatograms of methyl 
pyruvate before introduction to the catalyst, generally in low concentrations. It is likely 
that they were both present as contaminants of the methyl pyruvate, not entirely removed 
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by the online-distillation (Section 3.3). They were generally present in concentrations of 
<5% of moles present, but occasionally in larger concentrations. 
The first of the chromatograms after introduction of the helium/methyl pyruvate mix to 
the catalyst usually showed an increase in the side-products, probably from adsorbed 
hydrogen at the catalyst surface, although the effect is short-lived; no methyl lactate was 
observed under these conditions. Figure 6.9 shows the average concentrations of 
methanol and ethanol in the room temperature reactions over both unmodified and 
cinchonidine-modified Pt/alumina catalysts. 
When hydrogen is introduced to the system, there is an initial increase in both methanol 
and ethanol, particularly over the unmodified catalyst, before the concentrations decrease 
to less than 5% of total moles present. Figure 6.9 does not quote the concentrations as 
conversion of methyl pyruvate, merely as percentage of moles present, as both side-
products are present as contaminants in the methyl pyruvate. The first data point for each 
trend is the second GC of the methyl pyruvate/helium mix passing over the catalyst; the 
line at 0 minutes marks the point at which the carrier gas was switched from helium to 
hydrogen. 
Figure 6.9 - Percentage of Possible Side-Products Present in the Room 
Temperature Hydrogenation of Methyl Pyruvate 
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This initial increase in additional products, together with the time taken for both catalysts 
to reach maximum conversion (-90 minutes), is possible evidence of the initial transient 
effect discussed by Blaser et al.50 and others. 124;121 Part of the initial induction effect 
discussed by Blaser et al. is due to the hydrogenation of cinchonidine to 
dihydrocinchonidine. This may be the case here, but is insufficient to explain a similar 
induction period over the unmodified catalyst. KUnzle et al., 125  the first to demonstrate 
continuous enantioselective hydrogenation in a fixed-bed flow reactor, also found initial 
transient effects, and attributed them to competitive adsorption of hydrogen, substrate, 
modifier, solvent and the possible removal of surface iinpurities.' 24125 KUnzle also 
reported that increased initial hydrogen pressure, corresponding to higher initial hydrogen 
concentration at the catalyst surface, prolonged this initial transient period. Once steady 
state reaction was under way, changing the hydrogen pressure did not affect the reaction. 
In this case, there are no solvent effects, and the modifier is pre-adsorbed, but the KUnzle 
system can be seen as analogous to the one under discussion in this work. As the system 
goes from a helium atmosphere to a hydrogen atmosphere, there will be competitive 
adsorption of the hydrogen, vapour-phase methyl pyruvate and the methyl pyruvate 
already adsorbed at the catalyst surface. It is conceivable that this causes the brief 
increase in side reactions and leads to the induction behaviour. The presence of the 
modifier reduces this effect, as evidenced by the slightly faster increase in conversion 
(Figure 6.8). In addition, these early gas chromatograms do occur in regions of low 
surface hydrogen concentration and so may be evidence for the polymerisation described 
by Lambert et al.26 
6.3.3 - lEnantioselectivity of the Hydrogenation of Methyl 
Pyruvate over Cinchonidine-Modified Pt/Alumina Catalysts 
Thus far, the enantioselectivity of this reaction, which sets it apart from a simple 
hydrogenation, has not been discussed. Section 3.2.5 discussed the separation of the 
methyl lactate enantiomers in the gas chromatography. It was not possible to attain 
complete separation, but an average R e  -1.9 ±2.1 % was obtained over all racemic 
reactions. As it was not possible to buy R and S methyl lactate enantiomers free from 
contamination by the opposite enantiomer, it was not possible to produce a useful 
calibration curve, so all enantiomeric excesses quoted in this work have an associated 
144 
I i 	kn 	ii 	 LC 	ft1R) 	\Iifl\ 	1U\d1Li PI -d!n LdLI!\ 
error of -4%. The error bars in the plot of enantiomeric excess in Figure 6.10 are based 
on the standard deviations of the mean for each averaged data point, and generally of the 
order of ±4%. 
Figure 6.10 shows both the conversion and the enantioselectivity of the cinchonidine-
modified hydrogenation of methyl pyruvate. Also shown in the figure are the two 
spectroscopic regions discussed in Section 6.2, the differential spectra region (Figure 6.4 
and Figure 6.5) and the time that the steady state spectra were taken (Figure 6.3). While 
the steady state spectra are taken before the gas chromatographs show steady state 
conversion, there is no change in the spectra beyond 30 mins of reaction time. 
Figure 6.10 - Conversion and Enantioselectivity of the Cinchonidine-Modified 
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The enantioselectivity approximately increases with the conversion, although the standard 
deviation from the mean over the three reactions is much larger for the enantiomeric 
excess compared to the conversion. This is attributed to the inherent errors in the gas 
chromatography method, and the difficulties in obtaining sufficient separation of the two 
lactate enantiomers. 
The enantioselectivity reaches an average value of 85% after 100 minutes, with 
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literature (98% by Sutyinszki et al. ' 36), but an average of 85% compares very well with 
other workers. 30;52;124  These other works were all carried out in batch reactors and liquid 
reagents, and even KUnzle et al., 125  using flow reactors, still operated in the solid/liquid 
regime. However, von Arx et al. 137  have studied the enantioselective hydrogenation of 
methyl pyruvate in the gas phase. 
Their system used a fixed bed plug flow microreactor (ID 3mm) at 40 °C. A 
hydrogen:helium mix was passed through a methyl pyruvate vaporiser at room 
temperature en route to the catalyst at 40 °C. While this system operated at a lower 
hydrogen concentration (2.5 - 50%) rather than 100% hydrogen, it is the only comparable 
reaction system in the literature to the one in this work. 
The maximum enantioselectivity achieved by von Arx et al.'37 was only 51%, and this 
was only accomplished by addition of acetic acid to the premodification procedure, 
otherwise 47% was achieved at 25% hydrogen and a modifier/surface metal atoms molar 
ratio of 2. This is not the only difference from the results shown in Figure 6.8 and Figure 
6.10; increased hydrogen concentration showed a decrease in enantiomeric excess after 2 
hours, but Figure 6.10 shows a much higher enantiàselectivity, consistent over 4 hours. 
The increased temperature of the von Arx system does not explain the difference in 
behaviour; a reaction taken at room temperature (as in the work in this chapter) showed 
lower enantioselectivity (29%) and the reaction at 60 °C showed comparable 
enantiodifferentiation to the experiments at 40 °C. The next chapter in this work discusses 
the effects of temperature on this system, and even at 40 °C, there is an average 
enantiomeric excess of 72%. 
The main difference between the two systems may be in the modifier concentrations, von 
Arx et al. used different modifier loadings and found that low modifier concentration 
caused a decrease in enantioselectivity after only 2 hours. This was attributed to partial 
hydrogenation of the cinchonidine ring system, which reduces the adsorption efficiency 
of the modifier. in the liquid phase batch reactors this causes loss of 
enantiodifferentiation,25 and a similar effect was suggested for the von Arx system. 
However, von Arx et al. 137  operated in a cinchonidinelPt molar ratio region of between 
0.5 and 2, whereas, as discussed in Section 3.3.2, a lwt%/vol solution of 
cinchonidine/ethanol was used in this work. For 0.2g of a 5% Pt/alumina catalyst, this 
146 
Chapter 6- The Room Temperature Reaction of Methyl Pyruvate over Pt/Alumina Catalysts 
gives a molar ratio of -60, significantly higher than von Arx. So while partial 
hydrogenation of the ring system may have occurred in this work, it is likely that the 
modifier was present in sufficient excess that enough modifier remained adsorbed to the 
catalyst surface, in the appropriate conformation, so no loss of enantiodifferentiation 
occurred. 
In Section 6.3.1, Figure 6.8 shows that the conversion of the methyl pyruvate to the RIS-
methyl lactate is increased over the modified catalyst: unmodified conversion - 89%; 
modified conversion - 97%. This is given as evidence of the expected increase in 
reaction rate for the modified catalyst. 48 However, von Arx et al. 137 found that the 
opposite was the case, with the modified catalysts showing lower activity, while their 
liquid phase control experiments did show the rate enhancement. Lower modifier 
concentration experiments showed greater rate increases in the liquid phase, but the 
modified gas phase reactions had lower rates than the unmodified with higher modifier 
loadings. This departs markedly from the results given above in this work, and it is 
unlikely that the significantly higher R in this work is due solely to the higher modifier 
concentrations. von Arx et al. suggest that the difference in behaviour of the reaction 
rates between the liquid and gas phase reactions is due to the absence of solvent in the gas 
phase, however this must be re-evaluated in light of the results in this work. von Arx et 
al. did find that decrease in reaction rates over the modified catalysts in the gas phase 
were smaller at higher hydrogen concentrations, so it is possible that the more than 
double concentrations of hydrogen used here could explain the rate enhancement. 
It appears that while this work and that of von Arx et al. 137 both occur in flow reactors at 
the gas/solid interface, there are sufficient differences in experimental method that the 
results of both experiments are not directly comparable. This system used a higher 
modifier loading, which may explain the higher enantioselectivity achieved, and the 
higher hydrogen concentration may explain the presence of the expected rate 
enhancement over the modified catalyst. However, this work shows greater similarities 
to the usual liquid phase batch reactor experiments, and as such may offer improved 
insight into the more usual reaction systems. 
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6.4 - Conclusions 
The spectra in Figure 6.4 and Figure 6.5 appear to show complete conversion of the 
methyl pyruvate to methyl lactate, with very little evidence remaining of surface methyl 
pyruvate. Unfortunately, the DRIFTS spectra are very liquid-like and while there are 
some discrepancies between the liquid spectra and the DRIFTS data, notably, the CO 
peak, ML 10, ML12 and ML 13, they have not been definitively assigned. As a result it is 
not possible to draw any strong conclusions about the adsorption mode of methyl lactate 
at the catalyst surface. 
There is some indication of a perturbation of the C302 carbonyl, resulting in M1,10, 
possibly because of lactone formation. There still appears to be carbonyl lone pair 
adsorption, particularly over the unmodified catalyst (ML 12) and the modifier appears to 
be either enhancing the Cl out of plane rock or inhibiting the C4 out of plane rock 
(ML23). 
One clear inference from the DRIFTS data, and the absence of characteristic methyl 
pyruvate vibrations, is that the methyl pyruvate is adsorbing and reacting very quickly. 
As this is a flow reactor system, the methyl pyruvate at the catalyst surface is constantly 
being replaced, so there must be a very fast turnover, and fast transfer of both the reactant 
and product between the catalyst metal sites and the alumina support. 
There does appear to be an inconsistency between the speed of the DRIFTS spectra 
reaching intensity maxima for the methyl lactate bands and absence of the methyl 
pyruvate bands (10 minutes) and the time taken for the gas chromatograms to show 
maximum conversion to methyl pyruvate (-90 minutes). There are potentially several 
contributory factors to the difference in saturation times between the two analytical tools. 
There is a time lag within the system, due to the extra distance between the reaction cell 
and the GC, but this is only around three minutes. The equilibration of the different 
compounds in the carrier gas could also induce a further time lag. 
However, it is more likely that, as the IR mainly interacts with the uppermost region of 
the catalyst, it shows the surface to be saturated when catalyst near the top of the sample 
cup has been covered by methyl lactate. However, as the reaction spreads to the rest of 
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the catalyst bed in the sample cup, an increasing percentage of the methyl pyruvate is 
consumed, as observed on the GC. The time lag, therefore, is probably due to the time 
difference between the front surface of the catalyst reaching maximum conversion, and 
the rest of the catalyst in the sample cup reaching the same point. 
An additional contributory factor may be an increase in the catalyst activity over the 
course of the reaction, possibly due to re-reduction of the platinum with time online, 
under hydrogen. In the case of the unmodified catalysts, they are reduced in situ, at 
110 °C for one hour, but this reduction procedure may be insufficient; other Pt/alumina 
catalysts in the literature have been reduced at 400 °C.'85 ' °2 ' 38 Therefore further 
reduction could occur under a hydrogen atmosphere. The modified catalysts are not 
reduced in situ, and will have been soaked in ethanol, and exposed to the air before 
introduction to the reaction cell, and so further reduction of the catalyst in this case is 
definitely possible. There is, however, no observable difference between the behaviour of 
the two states of catalyst in this regard. 
This 'time lag' may also be due to the initial transient effects of discussed by Blaser et 
al. 124  where the cinchonidine is reduced to dihydrocinchonidine, although this does not 
apply in the case of the unmodified reaction. Competitive adsorption of the hydrogen, 
vapour phase methyl pyruvate and pre-adsorbed methyl pyruvate could explain this 
transient effect over both catalyst states, and the initial increase of methanol and ethanol 
at the start of the reaction. 
In addition to observing the Onto reaction occurring in a flow reactor using DRIFTS, this 
work has also offered further proof that the reaction can occur in the gas/solid regime, 
together with the study by von Arx et al. 137 While it is possible that capillary 
condensation could be occurring in the intra-particle pores of the support, allowing the 
reaction to occur at the liquid/solid interface in the support, von Arx et al. 137 found that 
capillary condensation of methyl pyruvate at room temperature would require a pore 
radius of <5A and the catalysts used by von Arx et al. were 45A, much larger than the 
required conditions. The 1M94 used in this work had a wide pore range, between - 30 
and-180A, with a mean pore width of— 70A, 25 which is also far above that required for 
capillary condensation at room temperature. 
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As the Onto reaction can occur at the gas/solid interface, it raises questions about those 
proposed mechanisms where the solution is a significant factor .2,,42  Baiker et al. 133 
describe the modifier-solvent interaction as "crucial" in their studies of the complexes 
formed by the modifier in an acetic acid solution and Margitfalvi et al.5 ' suggest that the 
reactant and modifier molecules form a weak complex in the solution that is then 
adsorbed onto the catalyst surface and hydrogenated. These successful enantioselective 
reactions in the gas phase show that neither of these mechanisms is necessary for 
enantiodirection. Although the enantioselectivity of the system is found to increase with 
increasing solvent polarity, the solvent itself is not required, even for the apparently 
necessary protonation of the quinuclidine nitrogen. 126  This probably occurs as easily via 
dissociatively adsorbed hydrogen, as via the solvent, as suggested by Blaser et al.50 
This work has shown different behaviour to that of von Arx et al., 137  with higher 
enantioselectivities and rate enhancement over the modified catalyst compared to the 
unmodified. It was carried out at a higher modifier loading and hydrogen concentration, 
which could explain the improved similarity to the liquid phase batch reactor studies in 
the literature, although von Arx et al. did show a decrease over two-hour reaction times 
for increased hydrogen concentration that has not been observed in this instance. The von 
Arx work was also carried out at a higher temperature than in this case, but the next 
chapter will cover the effects of temperature on this gas/solid Onto reaction system. 
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Chapter 7— Temperature Effects on the Gas/Solid 
Onto Reaction 
7.1 - Introduction 
The enantioselective hydrogenation of a-ketoesters over cinchona modified supported 
platinum catalysts is very dependent on the reaction temperature. The seminal work by 
Onto is quoted as carrying out the reaction at room temperature] 3;37;139  and, over Pt/silica, 
the reaction is temperature independent between 253 and 348 K.' 3 However, above 350K 
both the induced enantioselectivity and the rate enhancement are lost. A loss of both the 
advantages induced by the modifier at only slightly above room temperature is a common 
result over most of the Pt/cinchona reaction systems.' 6,,41;140  This has been shown for 
methyl pyruvate over EUROPt-1 (maximum temperature 313K); 19 a-ketoacetals, where 
the maximum temperature was 30 °C;' 8 and enantioselectivity was lost above room 
temperature for ethyl pyruvate above room temperature for Pt/alumina modified with (R)-
2-( 1 -pyrrolidinyl)- 1 .-( 1 -napthyl) ethanol (PNE).' °2 This chapter investigates the 
temperature dependence of the gas phase hydrogenation of the methyl pyruvate over 
unmodified and cinchonidine modified Pt/alumina. 
The temperature range was taken from room temperature (the lowest temperature 
available with the DRIFTS reaction cell) to 160 °C (above the 135.5 0C boiling point for 
methyl pyruvate and 144.5 °C boiling point for methyl lactate). This large temperature 
range was justified by the complete temperature independence of the unmodified reaction 
and the modified reaction showing rate enhancement up to 100 °C and significant 
enantioselectivity at 70 °C. 
7.2 - Additional Experimental Detail 
Section 3.4 describes the general room temperature reaction method. For the study of the 
effects of temperature, the Thermocoax Firerod® 9489 heater, inserted into the base of 
the sample cup of the reaction cell (Figure 3.5), was used to set the catalyst to the 
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temperature required. This was monitored by a thermocouple set into the sample cup 
itself (Figure 3.4). 
The sample was purged with helium, as described in Section 3.4, after reduction (for the 
unmodified catalysts) or after resealing the cell with a new sample (for the modified 
catalysts). While the catalyst was still under flowing helium and before any background 
JR spectra or gas chromatograms (GCs) were taken, a Variac AC power supply was used 
to power the heater until the catalyst was at the required temperature. At lower 
temperature (:!~ 700C), the temperature was invariably stable; above that, the temperature 
would occasionally vary by one or two degrees either side of the required temperature. 
Once the temperature had been set, the first of the initial JR background spectra were 
taken, and the rest of the reaction was carried out following the same method as the room 
temperature reaction (Section 3.4). 
7.3 - Gas Chromatography Results of the Onto Reaction 
at Increasing Temperatures 
7.3.1 - Dependence of Conversion on Temperature 
Figure 7.1 shows the percentage conversion of methyl pyruvate to R/S-methyl lactate 
over unmodified 1M94 Pt/Alumina catalysts at a range of temperatures, and Figure 7.2 
shows the same for the cinchonidine-modified catalysts. In both cases, the room 
temperature data has been included and, as in the room temperature graphs in Section 6.3, 
each data point is the average of two experiments. However, unlike Figure 6.8, error bars 
have not been included, as this would be impractical for so many data points in the same 
region; the error on each data point should be taken as ±3%. The dashed lines for 130 
and 160 °C show the least mean squares fit for the 65 -245 minutes period. Table 7.1 
shows the average conversions for the regions of constant conversion. 
The unmodified catalyst reached constant conversion after .  -90 minutes in each case, 
whereas, up to 100°C, the modified catalysts achieved maximum conversion after only 
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Table 7.1 - Average Conversions to R/S-Methyl Lactate Over Pt/Alumina 
Catalysts at Various Temperatures 





RT 89 97 
40 83 97 
70 86 96 
100 1 	 84 92 
130 83.5 No steady state 
160 85 No steady state 
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—60 minutes. This could be due to the modified catalyst having a cleaner surface, as a 
result of the modifier inhibiting adsorption of carbon monoxid& 29 and other surface 
contaminants, in addition to the expected increase in activity over the modified catalysts. 
The conversion over the unmodified catalyst is independent of temperature between room 
temperature and 160 0C and the conversion over the modified catalyst is relatively 
constant from room temperature up to 100 °C. As discussed above, it is generally 
accepted that there is a collapse in reaction rate above 50 °C, accompanied by a decrease 
in enantioselectivity' 6181941 "02140  and this would be expected to show as a decrease in 
conversion in a flow reactor system. However, there is no decrease in rate/conversion 
until 130°C, where the conversion initially increases at the same rate as the lower 
temperature reactions, until the 50-minute point. Here the conversion plateaus and, after 
125 minutes, decreases steadily with time. The conversion at 160 °C shows similar 
behaviour, although the conversion is slower from the start; the conversion does not reach 
a maximum until 65 minutes at which time it decreases. 
Given that the conversion remains constant with temperature over the unmodified 
catalyst, but does change over the modified catalyst, the effect of temperature on the 
conversion/reaction rate must be entirely due to the modifier. The nature of the effect 
will be discussed in a later section. 
7.3.2 - Dependence of Side-Products on Temperature 
As discussed in Section 6.3.2, methyl pyruvate and methyl lactate were not the only 
eluents in the gas chromatography; two additional peaks, assigned as methanol and 
ethanol, were also present. Both of these peaks were seen as contaminants in methyl 
pyruvate, so the following graphs do not quote the amount of each eluent as a conversion 
from methyl pyruvate but as a percentage of total moles present, an average of two 
experiments in each case. As neither ethanol nor methanol were observed in the infrared, 
it was assumed that they were either present in very low concentrations or had 
significantly higher turnover frequencies than either methyl pyruvate or methyl lactate. 
As in the room temperature experiments (Section 6.3), two GCs were taken of the methyl 
pyruvate with helium, before exposure to the catalyst, and then two further GCs were 
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taken after the methyl pyruvate/helium mix had passed over the catalyst. The background 
level of ethanol and methanol was generally <5%, but the first GCs of the methyl 
pyruvate/helium mix passing over the catalyst showed a spike in concentration. This 
effect was less marked over the modified catalyst but, at every temperature except 160 0C, 
the unmodified catalyst showed between 12 and 30 % methanol for these GCs. The 70 
and 100 °C experiments showed the largest amounts of methanol, but the second GC 
taken of the methyl pyruvate/helium mix, after exposure to the catalyst, normally showed 
a decrease to near-contamination levels of methanol present. 
Figure 7.3 shows the percentage of methanol present in the unmodified reactions; Figure 
7.4 shows the percentage of ethanol present in the unmodified reactions; and Figure 7.5 
shows the percentage of methanol present in the modified reactions. The percentage of 
ethanol present in the modified reactions was zero in most cases, with only sporadic 
peaks shown, normally at the noise level of the integrator. The first data point for each 
trend is the second GC of the methyl pyruvate/helium mix passing over the catalyst; the 
line at 0 minutes marks the point at which the carrier gas was switched from helium to 
hydrogen. 
The unmodified catalyst has an obvious initial side reaction to methanol, even in the 
absence of hydrogen, and ethanol in the presence of hydrogen. Over the modified 
catalyst, while there is a continual presence of methanol, it is at a significantly lower rate 
than over the unmodified catalyst and there is no measurable production of ethanol. As 
the temperature increases, the unmodified catalyst produces less methanol and more 
ethanol. In addition, the differential reaction DRIFTS spectra, shown in Section 7.4, 
show an increase of carbon monoxide with increasing temperature over the unmodified 
catalyst. 
Sections 6.2.2 and 6.3.2 discuss the possible side reaction of methyl pyruvate over 
platinum catalysts under hydrogen. In the literature, aldol condensation of ethyl pyruvate 
has been reported (Figure 6.6 and Figure 6.7), as well as dissociation of ethyl pyruvat& 28 
and polymerisation. 134  There was no definite spectroscopic evidence of any of these 
155 
Chapter 7 Temperature Effects on the Gas/Solid Onto Reaction 
Figure 7.3 - Percentage of Methanol Present in the Unmodified Reaction 
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potential mechanisms at room temperature and, with the exception of increased CO 
production, there is none as the temperature increases (see Section 7.4). 
In addition to the aldol condensation shown in Figure 6.7, methanol could also be 
produced by hydrolysis or hydrogenation of the 03—C3 bond and, while the reaction 
mechanism to methanol is not clear, it is obvious that it is inhibited both by the presence 
of the modifier and increasing temperature. The modifier also almost completely inhibits 
the production of ethanol, whereas ethanol increases with increasing temperature over the 
unmodified catalyst. As the amount of surface carbon monoxide also increases with 
temperature, it seems likely that ethanol and carbon monoxide are produced via a more 
destructive mechanism than the methanol. 
7.3.3 - Denendence of Enantioselectivitv on Temnerature 
Figure 7.6 shows the enantiomeric excess of R-methyl lactate against reaction time at 
each of the different temperatures. Each data point represents an average of two 
experiments, though the error bars have been omitted. Due to the spread of data points, 
the trend lines have been drawn based on average enantioselectivities. 
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Table 7.2 shows the averages for the steady state regions of the modified reactions. The 
room temperature reaction reaches a relatively constant by 95 minutes of —85% and, 
at 40°C, the average enantioselectivity is —71%. However, unlike the conversion, 
significant changes occur at 70 °C: the maximum of 59% is quickly reached after only 35 
minutes, and then remains relatively constant until 140 minutes where it steadily drops to 
only 42%. The conversion at 100 °C is still comparable with the lower temperature 
reactions, however it shows the lowest overall R: an initial maximum of 45% is seen at 
only 20 minutes, before immediately beginning to decrease to 26%, from about 100 
minutes into the reaction. The experiments at 130 and 160 °C show relatively constant 
R's of -42%, against a backdrop of decreasing conversions. 
Table 7.2 - Average Enantioselectivities and Conversions over Temperature 
Temp IC Enantiomeric Excess 1% Conversion 1% 
RT 85% 97 
40 71% 97 
70 




Max of 45%, decreasing to an 
average of 26% from 95 mm 
92 
130 43% Max of82% decreasing to5l% 
160 41% Max of 75% decreasing to 43% 
7.3,4 - Discussion 
In the literature, both the rate and the enantioselectivities of cinchona-modified reactions 
decrease with increasing temperature. 16;41;140  Here, the enantioselectivity decreases above 
room temperature but the activity/conversion is stable until 100 °C, and consistently 
higher than the temperature-independent activity of the unmodified catalyst. Therefore, it 
appears that the rate enhancement is separate from the enantiodirection, at least in part. 
This is supported by Zuo et al.2 ' observing that cinchonidine increased the activity of a 
supported rhodium catalyst, via 'ligand acceleration', without inducing enantioselectivity. 
A variety of causes for the temperature dependence of the Onto reaction are suggested in 
the literature: thermal desorption of the modifier from the catalyst surface; 14;18;21 
dissociation or hydrogenation of the modifier; 16;18  an increase in the tilt angle of the 
modifier 14;21  or a thermal shift in the conformation of the modifier" thus removing the 
optimal chiral adsorption site. Thermal desorption does not explain the behaviour of the 
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modified catalysts in this system, as removal of the modifier would also serve to reduce 
the activity, along with the selectivity. In addition, unlike batch reactor studies, there is 
no solvent for the modifier to desorb into. However, a thermal change to the modifier 
adsorption mode, or hydrogenation/dissociation of the modifier, could account for the 
behaviour, up to 100°C, as long as some 'ligand accelerating' part of the modifier was not 
affected. 
Above 100°C, it appears that there must be another process as the activity/conversion 
decreases with both time and temperature, while the selectivity is low, but relatively 
constant. Hydrogenation 25  of the modifier could account for this by the blocking of Pt 
catalyst sites with non-volatile side-products. At 100 °C, all of the active Pt catalyst sites 
are available for hydrogenation but, above this, there could be a decrease in catalyst sites. 
If there were then a higher proportion of enantiodirecting modifier left over these fewer 
catalyst sites, it would explain the constant selectivities at 130 and 160 °C - the amount of 
enantiodirecting modifier is still decreasing over time, but concurrently the amount of 
active Pt catalyst sites is also decreasing, allowing a constant enautioselectivity for 
decreasing activity. Hydrogenation of the modifier is more likely than simple 
dissociation, as both the high temperature catalysts initially show activities that are 
comparable with the unmodified catalyst (130 °C - 82% and 160°C - 75%); thermal 
dissociation would have already occurred before the start of the reaction, during the 
adsorption of the methyl pyruvate under helium, thus giving a lower conversion at the 
start of the reaction. 
There are therefore three processes occurring due to temperature: a constant proportion of 
'ligand accelerating' modifier until at least 100 °C; decreasing enantiodirecting modifier 
above room temperature; and blocking of platinum catalyst sites above 100 0C. The 
decrease in enantiodirecting modifier could be due to some thermal shift in the adsorption 
mode that hinders the desired interaction of the modifier and methyl pyruvate or 
hydrogenation, possibly of the quinuclidine nitrogen that was shown by B laser et al .25  to 
remove enantioselectivity from the system. The latter seems to be more likely, or at least 
more dominant, as this would tie into the constant activity but decreasing selectivity 
observed for the room temperature Pt/silica catalyst over four days (Section 4•3•3)•72  In 
addition, Zuo et al.2 ' showed that enantioselectivity could decrease under too great a 
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hydrogen pressure in batch reaction systems. A corollary of this is the quinuclidine 
nitrogen is not part of the ligand acceleration. 
However, above 100 °C, the hydrogenation of the modifier is either beginning, or 
becoming more severe, leading to catalyst site-blocking as well as removal of the 'ligand 
accelerating' part of the modifier. While it is certain that the site-blocking is due to the 
modifier, as the unmodified reaction is temperature independent, it is not clear from this 
data whether this process is due entirely to the modifier, or to a methyl pyruvate/modifier 
complex. Further experiments of the effect of the higher temperatures would be required 
to determine this. 
7,4 - The Adsorption of Methyl Pyruvate at Increasing 
TemDeratures 
This section covers the DRIFTS studies of the adsorption of methyl pyruvate over the 
temperature range, from room temperature to 160 °C. All data was collected and 
processed in the same fashion as that in Chapters 5 and 6. No data is shown for 40 or 50 
as there was no visible difference in the infrared spectra between these and the room 
temperature reactions. The discussion of the spectra in this section will concentrate on 
those adsorption markers discussed in Sections 5.3 and 5.4. 
7.4.1 - Saturation Coverage Suectra on JM94 Catalysts 
Figure 7.7 and Figure 7.8 show the saturation coverage DRIFTS spectra of methyl 
pyruvate adsorbed on unmodified and cinchonidine modified JM94 Pt/alumina catalysts 
at each temperature. The relative intensities of some vibrations show differences across 
the temperature range so, unlike Chapter 5 spectra, the spectra' cannot be normalised to 
the main vibration in each spectral region. However, MP9IML4, the C4—H symmetric 
stretch at —2960 cm, is not affected in shape, relative intensity or frequency by the 
temperature so each spectrum has been normalised for that band. In addition, the spectra 
have been baseline corrected with a spline fit function, with tie points at 3200, 2100, 
—1500 and l000cm', and an atmospheric water absorption spectrum has been subtracted 
from each for clarity, taking care to avoid the introduction of artefacts by over-correction. 
The spectra have been also been highlighted to show the various adsorption markers 
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discussed in Sections 5.3 and 5.4: MP8; the nominal liquid frequencies of the carbonyl 
bands, C2=0 and C3 -0; MP23/24; and the cis/trans markers. As significant changes 
occur in the C4 asymmetric bending vibrations, MP20 and MP2 1 have also been marked. 
In Figure 7.7, the saturation spectra of methyl pyruvate adsorbed on unmodified JM94 at 
1300C is made up from two different datasets. This experiment was carried out three 
times: in two data sets, the carbon monoxide region was excessively noisy; and in 
another, the rest of the spectrum was markedly inconsistent with all other data. The 
spectrum shown in Figure 7.7 utilises the latter's data between 2100 and 1900 cm, and 
one of the other data sets for the rest of the spectrum. To aid clarity, an extra baseline tie 
point at 1900 cm' was used. 
Both sets of spectra show a decrease overall in the fine detail of the vibrations, as the 
temperature increases, particularly at 130 and 160 °C. This may show a decrease of 
surface methyl pyruvate at higher temperatures, even though there are consistent 
conversion rates over the unmodified catalyst, in a similar fashion to the apparent 
decrease in surface methyl pyruvate observed for the modified catalyst at room 
temperature (Section 5.2). 
In both sets of spectra, the CH stretching bands remain comparatively unchanged, 
particularly MIP9 (2960 cm') which remains the most intense band in the region. MP8b, 
indicating chemisorption via the C2 carbonyl, becomes increasingly dominant, and the 
band widens towards MIP9, with increasing temperature. The main difference between 
the unmodified and modified spectra appears at —2900 cm; the modified spectra show a 
broad band between MP9 and MPI3 (2850 cm) while the unmodified spectra show two 
bands in this region. These bands (MP1 1 at —2910 cm and MIP12 at --2875 cm) have 
been assigned to a combination band and an overtone, respectively. They do not appeal' 
to offer further information on the adsorption modes of the surface species. 
In the carbonyl region, there are some clear differences, in all of the bands, as the 
temperature increases. The changes in the carbon monoxide bands (--2020 cm') will be 
discussed further in the following section, as will the behaviour of MP1 7, indicating LP 
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increasing temperature over the unmodified catalysts, and its behaviour is echoed by the 
broad band at —3500 cm -1 (assigned in Section 5.2 as adsorbed water). However, over the 
modified catalyst, a markedly different effect of temperature is observed; MP 18, small at 
room temperature, is only slightly more intense at 70 0C, before decreasing in intensity 
until, by 1300C, it is almost completely absent, as is the broad band at —3500cm' (not 
shown). This may be related to the site blocking caused by modifier dissociation 
discussed above, although it is suggested that this occurs during hydrogenation. 
The carbonyl band itself is very temperature dependent; over unmodified and modified 
catalysts, the carbonyl band frequency and intensity increase, both relative to MP9 and in 
the raw absorption spectra, between room temperature and 70 0C before decreasing again. 
In Section 5.4, the frequency and intensity of the carbonyl band was linked to the 
coverage of the surface methyl pyruvate, so it appears that the coverage of the surface 
methyl pyruvate is varying with temperature. However, the low coverage behaviour of 
the carbonyl band is increasingly complicated and the change in frequency may indicate 
further surface processes, as discussed below. 
In the CH bending region, the temperature dependent behaviour of the catalysts differs 
markedly, more so than in the other regions. The unmodified catalyst continues to show 
approximately comparable intensities for MP23/24, the perturbed and unperturbed CI—H 
symmetric bend, over all temperatures while the modified catalyst shows a distinct 
preference for the unperturbed band above room temperature. The visible conformational 
markers also show very different behaviour; the modified catalyst shows an increasing 
preference for the cis conformers, although the cis I marker seems to red-shift by about 
20cm' as the temperature increases. In contrast, the unmodified catalyst's behaviour is 
more complicated; at room temperature, the unmodified catalyst has a slight preference 
for the trans conformers but, at 70 and 100 °C, there appears to be a shift towards the cis. 
Above 100°C, there is another apparent shift, back to the trans conformers. This unusual 
behaviour will be discussed further in the next section. 
Finally, the C4—H asymmetric bend (MP20 at —1455cm) also shows temperature 
dependence. This band is present at room temperature over both catalysts, although over 
the modified catalyst it is reduced in intensity (Section 5.3.2) but, as the temperature 
increases, MP20 decreases in intensity. In addition, there is a new band at —1475cm' at 
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160°C over the unmodified catalyst but visible at 70 and 100 °C over the modified 
catalyst. The origin of this band is not clear; it does not relate to any data given by 
Wihnshurst et al.' ° any of the methyl lactate spectra,' 18;1 19 or the reaction spectra, given 
in a later section. This additional band will be discussed further in the next section. 
7.4.2 - Low Coverage Snectra on Unmodified JM94 Catalysts 
The spectra of the adsorption of methyl pyruvate onto unmodified JM94 Pt/alumina 
catalysts are shown in Appendix A, Figures A.5 and A.12-A.15. The spectra have been 
produced as described in Section 5.4. The spectra have been baseline corrected with a 
spline function with tie points at 3200, 2100, -1500 and 1000 cm -1 and, where necessary, 
an atmospheric water absorption spectrum subtracted for clarity, taking care to avoid the 
introduction of artefacts by over-correction. Like the spectra in Figure 7.7, the spectral 
adsorption markers have been included and, in Figure A.14 the adsorption of methyl 
pyruvate on unmodified JM94 at 130°C, part of the spectra, 2100-1900 cm', has been 
taken from a different dataset, due to excessive noise in the original dataset for this 
region. 
Two additional markers have been included in the spectra in Appendix A, denoted by 'D' 
(dissociation) and 'CG' (carrier gas) and are related to carbon monoxide bands. At room 
temperature, as the pyruvate/helium mix was exposed to the catalyst, the CO band grew 
in slowly at 2020 cm', implying that this was due to carrier gas (CG) contamination 
(Section 5.4). At 700C, there is a large band immediately visible at -2070cm' that 
reaches a maximum intensity at 1.5 minutes of pyruvate exposure. This band is probably 
due to carbon monoxide but given the initial increase in intensity, not due to CG 
contamination but rather to the methyl pyruvate itself, probably some form of thermal 
dissociation, although there is no further spectroscopic evidence of possible dissociative 
surface species. After 1.5 minutes, the intensity and frequency of the dissociative carbon 
monoxide band (COD) decrease with increasing pyruvate exposure and the peak 
broadens, until at 5 minutes there is a square band with shoulders at 2050 and 2020 cm'. 
The latter band is probably still due to CG carbon monoxide (CO), an indication that 
there are two distinct carbon monoxide bands in the low coverage regime. By 10 
minutes, there is only a CO CG band at 2020cm, which continues to decrease, albeit very 
slowly, in intensity. The decrease of the higher carbon monoxide band and the growth of 
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the lower, with increasing pyruvate adsorption/exposure, indicate that methyl pyruvate 
dissociation decreases with pyruvate coverage and the CO D is either desorbed or shifted 
to the COCG frequency. 
The behaviour of the carbon monoxide bands at 100, 130 and 160 °C is broadly the same 
as that at 700C. The only difference is in the intensities: at 100 °C, the initial COD band, at 
-'2080 cm'1 , is more intense, as is the saturation coverage CO CG band at 2020cm'1;  at 
130 and 160 °C, the initial COD band has comparable intensity with that at 100 °C, but the 
saturation coverage CO 0 band is less intense at 1300C and even weaker at 160 0C. In 
Section 7.4.2, the behaviour of the additional eluents in the gas chromatography on initial 
exposure of the methyl pyruvate/helium mix was discussed. An initial increase in the 
methanol present was observed over the unmodified catalysts, particularly at 70 and 
100 °C, which could be related to the initial increase of the CO D peak, if methanol does 
not adsorb in sufficient quantities to appear in the IR. If this is the case, the effect must 
be increasingly short-lived as the temperature increases, because the catalysts at 130 and 
160 °C show decreasing amounts of methanol in the gas chromatography. 
The first adsorption marker, MP8a/b, shows approximately similar behaviour across the 
temperature range: at all temperatures, MP8b is the most dominant band at saturation 
coverage, with only minor differences in the lowest coverage spectra. At room 
temperature, the low coverage spectra showed both bands until -3 minutes of pyruvate 
exposure when MP8b dominates; at 70 °C, MP8b is the dominant band from the start 
(-1.5 minutes); at 100 and 130 °C, MP8a is not observed at any point. This trend is only 
slightly offset by 160 °C, where MP8a is initially the more intense band, but is quickly 
overtaken by MP8b. 
The next adsorption marker, the carbonyl band, is not as straightforward. At room 
temperature, the unmodified catalyst initially shows the carbonyl at -1745cm' 1 and the 
frequency increases with exposure until it reaches 1755cm'1  at saturation coverage. This 
behaviour is mirrored at 70 0C, although the saturation band has been blue-shifted to 
--'1765cm'1 . At 1000C, the carbonyl band initially starts at -1725 cm - ', red-shifted by 
30cm' in comparison to the lower temperatures, and much closer to the liquid methyl 
pyruvate C2 carbonyl frequency of 1734 cm'. By 3 minutes, the frequency increases to 
-1750 cm" and the saturation coverage frequency is closer to that at room temperature, 
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-1760 cm'. As discussed in Section 7.4.1, the saturation coverage intensity of the 
carbonyl band at 130 and 160 °C is lower than at the lower temperatures. In addition, the 
starting frequency of the carbonyl is only -1720cm' and the saturation coverage 
frequency is lower than at room temperature -P1745cm 1 . 
It is may be that the lower frequencies observed for the carbonyl bands at 100, 130 and 
160 °C indicate adsorption via the C3 carbonyl, in one of the T2 modes. However, the 
activity of the unmodified catalyst is temperature independent so it is unlikely that the T2 
modes are significant (Section 5.5). Alternatively, Wilmshurst et al. 10 assign a different 
frequency for the C3 carbonyl in each conformer but the behaviour of the conformational 
markers in the CH bending region militate against this explanation of the frequency of the 
carbonyl band. Another possible cause is that the frequency is simply coverage related, 
higher frequencies for higher coverages, with an additional reduction in frequency as the 
temperature increases. 
The other carbonyl-related band, MP 17 at -4 660cm", increases in intensity between 
room temperature and 70 °C at low and saturation coverage, implying an increase in the 
proportion of surface methyl pyruvate adsorbed via the C2 carbonyl lone pair. However, 
above 700C, it becomes increasingly indistinct at saturation coverage but the low 
coverage spectra show that it is still present at all temperatures, merely hidden by the 
increasing width of the carbonyl and water hydroxyl (MP 18 at 1610 cm') bands as the 
temperature increases. The intensity of the band does not appear to significantly increase 
with the temperature above 70 0C but, while the main saturation coverage carbonyl band 
deàreases in intensity with temperature, MP 17 remains constant, an indication that the 
proportion of surface species adsorbed in Tl Lp rather than Ti coM does increase with 
temperature. In addition, the relative proportions of LP adsorption at lower coverages is 
also seen to increase with temperature. The third carbonyl related band, MP 1 8a at 
-1 560cm', shows an increase in intensity, particularly at saturation coverage, as the 
temperature increases, implying that the energetically unfavourable T3-cis mode (Figure 
5.8) becomes more accessible as the temperature increases. 
As observed in the previous section, the differences from the room temperature spectra in 
the CH bending region are significant at saturation coverage; these differences from the 
room temperature spectra are even greater when considering the low coverage spectra. 
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The saturation spectra show that MP23/24 have comparable intensities over all 
temperatures for the unmodified catalyst but, at low coverage, the room temperature 
catalyst initially shows a preference for the perturbed band over the unperturbed. 
However, as the temperature is increased, MP24 becomes increasingly dominant at low 
coverages, with MP23 only appearing at progressively longer exposure times. 
The conformational markers show that the methyl pyruvate initially adsorbs on the room 
temperature unmodified catalyst in a cis conformer before shifting to mostly trans as 
saturation coverage is reached, while the mid-range catalysts, 70 and 100 °C, adsorb 
mostly in a cis conformer throughout with the trans markers only visible at low 
coverages. However, 130 and 160 °C seem to show more of a trend towards the trans 
conformer, therefore both coverage and temperature appear to be affecting the 
conformation of the adsorbed methyl pyruvate. 
The temperature dependence of the C4-H asymmetric bends (MP20 at 1450cm') does 
not appear to be affected by the coverage; as the temperature increases, MP20 decreases 
in relative intensity. However, the low coverage spectra do more clearly show the start of 
the additional band at -1 475cm'; it can be seen at lower coverage at 100 and 130 °C, but 
is overshadowed by the neighbouring band at saturation coverage. While this additional 
band could be a blue-shifted MP20, the modified spectra discussed below have the 
decrease in MIP20 as the temperature increases without a concurrent increase in the band 
at -1475cm 1 . 
7.4.3 - Low Covera2e Spectra on Cinchonidine-Modified JM94 
Catalysts 
The spectra of the adsorption of methyl pyruvate onto cinchonidine modified JM94 
Pt/alumina catalysts are shown in Appendix A, Figures A.6 and A.16-A.19. The spectra 
have been produced as described in Section 5.4. In addition, they have also been baseline 
corrected with a spine function with tie points at 3200, 2100, -1500 and 1000 cm -1 and, 
where necessary, an atmospheric water absorption spectrum subtracted for clarity, taking 
care to avoid the introduction of artefacts by over-correction. Like the spectra in Figure 
7.7, the spectral adsorption markers have been included, as well as the carbon monoxide 
markers. 
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Over the unmodified catalysts at higher temperatures, the carbon monoxide showed a 
departure from purely CG contaminant concentrations and indicated some initial 
dissociation of the methyl pyruvate on adsorption. While no CO was observed over the 
modified catalyst at room temperature, it is clearly present at the higher temperatures, but 
not showing the same, apparently dissociative, behaviour as the unmodified catalyst. 
Instead of a sharp initial peak at -2080 cm' moving to a less intense band at -2020 cm', 
the modified catalysts, above room temperature, show an initial weaker band at -P2060 
cm' and a stronger band at -1990 cm -'. This latter band increases in frequency to -2000-
2010 cm 1 , and the higher band shifts to -.2090 cm' as the adsorption progresses. The 
higher frequency band appears to indicate that there is some dissociation over the 
modified catalysts at higher temperatures, but at a significantly lower rate than over the 
unmodified catalyst, probably due to the presence of the modifier. The modifier is also 
affecting the CO CG, inhibiting the adsorption and reducing the frequency 
129  although this 
effect decreases as the temperature increases. 
At all temperatures over the unmodified catalyst, MP8b was the most dominant band at 
saturation coverages, but was present at low coverages for room temperature, 70 and 160 
°C. At room temperature over the modified catalyst, MP8a is only weakly present at low 
coverages. Above room temperature, MP8a is not observed at any point; there is not even 
the low coverage change seen over the unmodified catalyst at 160 °C. Even at high 
temperatures, the presence of the modifier is inducing a stronger preference than the 
unmodified catalyst for chemisorption via the C2 carbonyl. 
By contrast, the behaviour of the carbonyl band is more complicated. At 70 0C, the 
unmodified catalyst showed a shift in the carbonyl band similar to that at room 
temperature but the saturation frequency was -40 cm' higher than at room temperature. 
The modified catalyst shows a similar shift; a comparable low coverage frequency 
(-1750 cm-) to an even higher saturation coverage frequency (-1770 cm'). However, 
there is a point at --40 minutes where the band shape appears to show two overlapping 
bands, with shoulders at the initial (-'1750 cm -1) and final (--'1770 cm -) frequencies. At 
1000C, while the unmodified catalyst has a significantly lower starting frequency 
(--'1 725cm'), the modified catalyst does not show this; instead, the lowest coverage band 
shows the overlapping bands observed at 10 minutes of exposure at 70 °C. Initially, the 
band at 1750 cm' is more intense and the higher frequency band is a weaker shoulder 
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but, as the pyruvate exposure increases, these two bands begin to show comparable 
intensity (-4 minutes of exposure). The saturation spectrum at 100 °C still appears to 
show both bands. 
At 1300C over the modified catalyst, the low coverage band still appears to comprise of 
the two overlapping bands, with similar frequencies to those discussed above. However, 
at saturation coverage, the lower frequency band (-1745 cm') is the dominant peak with 
the 'room temperature' carbonyl band as a shoulder, an effect even more pronounced at 
160°C (-1765 and 1744 cm' at saturation). This behaviour may explain the lower initial 
and saturation coverage carbonyl bands over the unmodified catalysts above 100 °C; the 
wider carbonyl band over the unmodified catalysts prevents identification of the two 
bands. In that case, for the unmodified catalyst, the spectra at 100 °C move from the 
lower frequency band to the higher at —3 minutes; the spectra at 130 °C stay at the lower 
frequency band, but the higher frequency band increases the width overall, from —2.5 
minutes; and, at 160°C, the lower band is dominant throughout, with the higher frequency 
band only adding width near saturation coverage. Alternatively, as the modified catalysts 
at 130 and 160 °C show the only real difference in conversion from the room temperature 
reaction (Section 7.3.1), this red shift in the saturation coverage carbonyl band may 
indicate a sufficient change in adsorption mode to inhibit the reaction. Finally, the two 
carbonyl bands may be linked to the decrease of selectivity with temperature; the higher 
band is the desired prochiral complex while the lower band may be a prochiral complex 
leading to S-methyl lactate or a racemic reaction. 
At room temperature, LP adsorption (MP17 at 1660cm') is only apparent at saturation 
coverage and at a significantly lower intensity than the room temperature unmodified 
catalyst. As the temperature increases, LP adsorption increases at 70 and 100 °C, but still 
only at near-saturation coverages; However, above 100 0C, LP adsorption begins to 
decrease again until, at 160 °C, it is barely visible. In the case of the adjacent marker, 
MP 1 8a at --1 560cm' indicating adsorption via T3—cis, there is very little change from the 
very weak band seen at room temperature as the temperature is increased to 70 and 
100 °C, unlike the unmodified catalyst where T3—cis increased with temperature. In the 
upper temperature range, MP 1 8a increases in intensity, particularly at 160 °C, but does not 
reach the intensity observed over the unmodified catalyst. This band is only observed at 
near saturation coverage throughout. 
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In the CH stretching region, the C4—H asymmetric bend, MP2O, decreases as the 
temperature increases over the unmodified catalyst and this behaviour is mirrored by the 
modified catalyst. However, while the unmodified catalyst shows an increase in an 
additional band above MP2O, the modified catalysts only show a decrease in MP20. In 
the case of the perturbed/unperturbed Cl—H symmetric bend, MP23/24, both catalysts 
show an increasing preference for the unperturbed band, at saturation coverage, as the 
temperature increases. While the unmodified catalyst still has evidence of MP23 below 
saturation coverage, even at the highest temperatures, the modified catalyst only shows 
MP23 up to 100°C and the relative intensity of the band decreases above room 
temperature. 
At room temperature, methyl pyruvate adsorbed on the modified catalyst shows both 
conformers initially, before moving to mostly cis adsorption modes. At 70 °C, while the 
transl marker is initially present, the cis markers are dominant throughout. However, the 
true picture for the higher temperatures is not clearly shown in the figures in Appendix A. 
As discussed in Section 7.4.2, several experiments were carried out at each temperature 
and the spectra shown in each case represent the clearest/least noisy data set; however, 
Figure 7.9 shows the CH bending region from alternative datasets for 100, 130 and 160 
°C in Appendix A. These figures show more clearly an increasing transl marker as the 
temperature increases. The other trans marker lies below 1200 cm 1 , a region of the 
spectrum that becomes increasingly noisy as the temperature increases over all spectra. 
In addition, it is worth noting that the cis 1 marker is red-shifted above room temperature 
from -4280 to --1255 cm'. 
Figure A. 16c (modified catalyst at 70 0C) shows that transl is not present at any coverage, 
which is true for the other datasets at this temperature. However, while Figures A. 17, 18 
and 19 only show the iransl marker as a weak shoulder, the spectra in Figure 7.9 show 
that the band is increasingly more intense above 70 °C. It is clearly visible at all 
exposures at 160 0C, and a defined shoulder at saturation. This slightly equivocal 
evidence may show a change in saturation conformer for the upper temperatures, as seen 
over the unmodified catalyst. 
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7.4.4— The Adsorption Modes of Methyl Pyruvate on Pt/Alumina 
Catalysts 
Sections 5.3 and 5.5 discussed the possible adsorption modes: adsorption via the C2 
carbonyl was denoted by Ti; adsorption via the C3 carbonyl was T2; and adsorption via 
the C2 carbonyl and another functional group was T3. In addition, these modes have both 
cis and trans conformers and adsorb to the catalyst surface via C—O—M bonds (COM) or a 
carbonyl lone pair (LP). The carbonyl bonds in T3—cis may have COM or LP character, 
or even conjugation of the bonds. Figure 5.8 showed the relative stabilities calculated for 
the Ni-methyl pyruvate complexes on which these adsorption modes were based;' 4 the 
Ti and T3—trans modes were the most energetically favourable, with T3—cis and the T2 
modes significantly less favourable. Figure 5.7 showed the Ti and T3 modes, with the 
appropriate spectral markers in each case. 
As discussed in Section 5.5, the increased selectivity and activity of the modified catalyst 
at room temperature imply that the adsorption mode is more restricted and the results in 
this section suggest that it adsorbs via TicoM at low coverage, moving towards T1—cis coM 
at saturation coverage. The unmodified catalyst initially adsorbed via TI—ciscoM, with 
some adsorption via T3—cis and physisorbed Ti modes. As the coverage/exposure 
increased Tl Lp increased and TI—transcoM became the dominant mode of adsorption. 
Those differences in the higher temperature spectra that appear to show a shift in 
adsorption mode over the unmodified catalyst obviously do not affect the activity of the 
catalyst (Section 7.3. i), and may be solely due to the increase in temperature. However, 
any additional differences over the modified catalysts may indicate a more significant 
shift in the adsorption mode, one that may explain the decrease in activity above 100 °C, 
and the decrease in enantioselectivity above room temperature. 
As the temperature increases over the unmodified catalyst: 
dissociation of the adsorbed species increases, but only at low coverages; 
MP8b, indicating Ti adsorption with a reduction in the carbonyl bond order, 
becomes more dominant than MP8a, apart from at 160 °C and low coverage; 
LP adsorption increases with temperature; 
adsorption via T3--cis increases, particularly at saturation coverage; 
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the perturbation of the CI—H symmetric bend decreases, particularly at low 
coverages; 
the C4 asymmetric methyl bend, MP20, decreases and an additional band is 
observed at -4475cm 1 , particularly in the upper temperature regime and at 
saturation coverage; 
the mid-range in temperature shows a preference for cis adsorption modes, while 
the upper temperature range reverts back to trans; 
the carbonyl band increases in saturation frequency at 70 °C, decreases in initial 
frequency at 100°C, and is at a lower frequency overall in the upper temperature 
range. 
Therefore, points 1, 2, 3 and 5 do not affect the activity of the catalyst and are simply due 
to thermal effects. While point 4 implies that adsorption via T3—cis does not inhibit the 
reaction, its effect on adsorption with the modifier may be important, as is the 
conformation of the adsorption species, 7, but both of these points are also simply thermal 
effects. The true impact of point 8 is not clear; the change in the carbonyl band may be 
related to the coverage of the methyl pyruvate or there may be two overlapping bands in 
the broad carbonyl band, as observed for the modified catalyst at lower coverages 
(Section 7.4.3). The lower frequency band probably does not imply adsorption via the C3 
carbonyl, as MP8a is still inhibited. 
At 70 and 100 °C, methyl pyruvate adsorbs on the unmodified catalyst principally via 
Tlcom, mostly in the cis conformer. In addition, there is an increase in the proportion of 
the Ti LP  and T3—cis modes from the room temperature catalyst. At 100 °C, there is an 
unknown additional thermal effect on the low coverage C3 carbonyl band. At 130 and 
160 °C, the spectra show a shift back towards the trans conformer but the principal modes 
of adsorption are similar to those in the mid-range, with a further increase in adsorption 
via T1Lp and T3—cis, and a greater decrease in MP20. 
In addition, T3—trans may be present above room temperature. MP25/26, the transl and 
cis 1 markers, are conformational variations of the 03—C stretch (v 1 ); it is possible that a 
change in the relative intensities of these bands is not entirely due to a change in 
conformer, but may relate to an effect of the adsorption on the vibration. The T3—trans 
mode could explain aspects of the spectra. MP8 would still be affected by a change in 
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bond order of the C2 carbonyl, but any steric hindrance of the methyl bend would be 
removed, explaining the difference in relative intensities of M1P23/24. Finally, some 
steric hindrance of the C4 methyl may lead to the decrease of MP20, but not MP2 1, and 
the creation of the additional band at -1475cm' (6). 
Over the modified catalyst, the picture is complicated by the presence of the modifier. 
Not all of the changes in the spectra are due solely to the temperature; they will also be 
due to changes in the prochiral complex formed with the modifier due to temperature, as 
well as changes to the adsorption of the modifier. As these adsorption studies were with a 
helium carrier gas, there will be no hydrogenation of the modifier' 6"8 but there may be a 
change in the tilt angle of the modifier 14;21  or a thermal shift in the modifier's 
conformation. 5 ' 
The modified catalysts do have some effects in common with the unmodified catalysts, 
that appear to be related to temperature but do not appear likely to be affecting the 
activity - points 1, 2 and 5. In addition, LP adsorption (3) is only a factor at 70 and 100 
°C; T3--cis (4) only increases above 100 °C and only at near-saturation coverages; and 
while there is a decrease in MP20 with increasing temperature, there is no concurrent 
growth of a band at -1475cm' (6). 
There are three further changes in the spectra that are only observed over the modified 
catalyst: 
while the cisl band continues to be the dominant band, it is shifted from -4280 to 
-1255 cm' above room temperature; 
above 70°C, the transl marker has an apparent increase in intensity; 
above room temperature, the carbonyl band appears to contain two overlapping 
bands - a lower frequency band that dominates at low coverages and above 100 °C 
and a higher frequency band, more closely related to the room temperature 
adsorbed carbonyl, that dominates at 70 °C and saturation coverage at 100 °C. 
At 700C, the modified catalyst shows similar activity to that at room temperature, with 
slightly lower and decreasing selectivity and the dominant adsorption mode still appears 
to be T1-ciscoM. However, the carbonyl band, which is higher in frequency than at room 
temperature and higher in frequency than at 70 °C over the unmodified catalyst (11), may 
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be showing the effect of the modifier at the higher temperature; at low coverage, the 
methyl pyruvate could be forming two different complexes with the modifier, due to a 
change in the adsorption mode. It is not clear what the difference may be from the 
spectra as, generally, the spectra appear similar to that at room temperature. 
At 100°C, the modified catalyst shows comparable activity, but about only about 
three-quarters the selectivity, which decreases over time. Therefore, only about 75% of 
the adsorbed methyl pyruvate is interacting with the modifier via the desired T1—cis coM at 
saturation. The carbonyl band is split again and both bands are still present at saturation, 
which may be further evidence of the splitting of the adsorption modes, between 
Tl—CjSCOM and some other mode, still active for conversion to methyl lactate, but not in a 
prochiral complex with the modifier. Figure 7.9A shows the adsorption of methyl 
pyruvate onto the modified catalyst at this temperature, which has similarities, 
particularly at trans 1, with the unmodified catalyst at 130 °C. It could be that the 
additional adsorption mode is T3—trans. There does not appear to be a specific low 
coverage mode for methyl pyruvate at this temperature. 
The spectra from the experiments at 130 and 160 °C show comparable behaviour, except 
that the 'splitting' of the carbonyl band is more pronounced, and the lower frequency 
band (not complexing with the modifier in adsorption mode TI—cis coM) is the more 
intense. Again, there does not appear to be a clear low coverage adsorption mode. This 
may be a shift towards 13—trans as the temperature increases. 
Of course, the adsorption mode of the methyl pyruvate and its interaction with the 
modifier is not the complete story, because both the selectivity and the activity change 
over time, and this will be explored further in the next section. 
7.5 - DRIFTS Results of the Onto Reaction at Increasing 
Temperatures 
7.5.1 - The Unmodified Reaction 
Figure 7.10 shows the steady state differential DRIFTS spectra for the reaction of methyl 
pyruvate over unmodified JM94 Pt/alumina catalysts at each temperature, along with the 
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methyl pyruvate adsorption spectrum and the methyl lactate spectra over the unmodified 
catalyst at room temperature. Figures A.8 and A.22-A.25, in Appendix A, show the 
differential spectra, produced in the same fashion at those in Section 6.2.2, for the initial 
stages of the reaction at each temperature. Each spectrum has been baseline corrected 
with a spline fit function with tie points at 3200, 2100, '--1500 and 1000cm 1 , and an 
atmospheric water absorption spectrum subtracted from each for clarity, taking care to 
avoid the introduction of artefacts by over-correction. The spectra for the reaction at 
1300C, below and in Appendix A, are a combination of two datasets, in a similar fashion 
to that shown in Figure 7.7. Part of the spectra, 2100-1900 cm 1 , has been taken from a 
different dataset, due to excessive noise in the original dataset for this region. 
In Chapter 6, the differential spectra of the reaction at room temperature were used to 
show that methyl pyruvate coverage at the surface decreases rapidly when the reaction 
starts. At steady state for the infrared, it appeared that only methyl lactate was present on 
the surface. The evidence for this was the large negative bands at frequencies specific to 
methyl pyruvate bands: ---1360 cm', charting the decrease in M1P24, and '-1310, the 
decrease in MP25. The latter band cannot be used at all for this purpose at the higher 
temperatures; it is not present for the saturation coverage spectra of methyl pyruvate. In 
addition, the spectra show significantly decreased sensitivity in that spectral region at the 
higher temperatures, so the decrease of MP24 is also difficult to follow. However, it may 
be reasonably assumed that, over the unmodified catalyst, the bulk of the surface species 
during the steady state reaction is methyl lactate, as the conversion is temperature 
independent. 
The CH stretching region of the spectra in Figure 7.10 does not show a significant change 
with temperature and the initial stage reaction spectra in Appendix A just show the bands 
in the steady state spectra growing as the reaction progresses, without any unexpected 
features. In the CH bending region, the initial stage reaction spectra also only show the 
same progression of bands towards the steady state spectra. At room temperature, the 
frequency-degenerate asymmetric Cl-H bend and asymmetric C4-H bend can be seen 
growing in at --1465 cm'. As the temperature increases, the frequency of this band also 
increases until, at 1600C, it is --1475 cm'. This could explain the additional band seen at 
-1480 cm-1 in the adsorption spectra at the higher temperatures but, as it does grow as the 
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reaction progresses, it is more likely that the additional band shown in the adsorption 
spectra is affecting the appearance of the band in the differential spectra. 
The room temperature spectrum clearly shows ML17, the 01-H bend (-4410 cm'), but 
the intensity of this band decreases with temperature, probably due to the decreasing 
sensitivity in the region. This is unfortunately true for other bands in this region, 
including ML1 8, MIL20 and all bands with lower frequencies. The C2-H rock (ML20) is 
most clear at 130 0C, but this is probably due to a change in the sensitivity of the 
surrounding vibrations, rather than a definite change to this band. 
One interesting feature in this region is the 'square' negative band at -1270 cm' that can 
just be seen at room temperature, but is largest at 70 °C, before decreasing in size again. 
The behaviour of this band is related to the adsorption mode of the methyl pyruvate and 
the nature of differential spectra. The adsorption spectra show an increase, relative to 
room temperature, of the cis 1 marker, MP25, in the middle temperature range but not at 
130 and 160 °C. Therefore, in the differential spectra, the absence of methyl pyruvate is 
shown by larger negative bands in the middle temperature ranges than at room 
temperature, 130 and 160 °C. 
While the CH bending and stretching regions do not appear to be showing a significant 
effect of temperature, the carbonyl region is clearly strongly affected. The room 
temperature reaction over the unmodified catalyst showed a shift in the carbon monoxide 
frequency from -2020 cm -1 to -2000 cm, as well as the growth of two very weak methyl 
lactate peaks at -2070 (ML8) and -1960 cm' (MIL9). At 70 °C, neither MIL8 or 9 can be 
seen, and there is no observable shift in the carbon monoxide band. However, the 70 0C 
saturation coverage methyl pyruvate spectrum has a carbon monoxide band with CO CG at 
-2020 cm" and COD as a shoulder at -2050 cm'; the differential spectra of the reaction 
show a decrease in the COD shoulder, possibly indicating that there is no further 
dissociation at this temperature, which is emphatically not the case at the higher 
temperatures. 
At 100°C, the differential reaction spectra show a negative band for the COCG and a large 
positive band at -2060 cm'. While this could be merely evidence of a shift in the CO 
adsorption mode and frequency, the higher band is progressively larger at 130 and 160 °C 
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and the negative COCG  is not observed in the upper temperature range. It appears that, at 
room temperature and in the mid-range, there is a decrease in the surface CO CG under 
hydrogen and, above 70 °C, there is an additional source of carbon monoxide at the 
catalyst surface. The frequency of the higher band implies that the carbon monoxide is 
due to dissociation of the methyl pyruvate, or possibly the methyl lactate. Comparing the 
behaviour of the COD band with the data on side-products, in Figure 7.3 and Figure 7.4, 
does not show any clear link to either methanol or ethanol. The percentage of methanol 
does increase with temperature, but not linearly, and similar percentages are present at 
both 160 and 70 °C. 
The room temperature reaction spectra showed the growth of ML1O at -4790 cm" 
(1800 cm' in the differential spectra), without giving a clear indication of the cause of the 
vibration, as well as a bifurcated carbonyl band (at -4750 and -1735 cm'), due to the 
methyl lactate. The cause of the split in the carbonyl band was not clear (Sections 6.2.2 
and 6.2.3). While the spectra at 70 °C show similar behaviour, at 100°C and above, there 
is an additional shoulder on ML1 0 in the differential spectra at -1820 cm'. It seems 
clear that this is related to the increase in CO D, due to either a side-product vibration or, 
more likely, the increase in CO coverage has led to the appearance of bridged CO. By 
160°C, the band at -4820 cm -1 is actually larger than MIL 10. 
In the main carbonyl band itself, the splitting in the band decreases as the temperature 
increases. The implication of this is not clear: if the split is a data processing artefact 
from producing the differential spectra, i.e. subtraction of a methyl pyruvate band causes 
a slight negative band, then the underlying cause decreases as the temperature increases; 
alternatively, there is some other effect on the methyl lactate carbonyl as the temperature 
increases, possibly related to the adsorption mode of the methyl lactate. It is certain that 
the adsorption mode of the methyl lactate product changes as the temperature increases - 
LP adsorption (ML13 at --1680cm 1 ) increases in intensity and the band at -P1560cm 1 , 
assigned as T3-cis adsorption for methyl pyruvate, is larger in the mid-range than at room 
temperature, before decreasing again in the upper range. It is not clear whether the latter 
band is still methyl pyruvate adsorbed in the T3-cis mode or whether it is related to 
methyl lactate adsorbed in a similar fashion. Any comment on the prevalence of 
unreacted methyl pyruvate, or the adsorption of methyl lactate in a bidentate mode would 
be purely speculative. 
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7.5.2 - The Modified Reaction 
Figure 7.11 shows the steady state differential DRIFTS spectra for the reaction of methyl 
pyruvate over unmodified JM94 Pt/alumina catalysts at each temperature, along with the 
methyl pyruvate adsorption spectrum and the methyl lactate spectra over the unmodified 
catalyst at room temperature. Figures A.9 and A.26-A.29, in Appendix A, show the 
differential spectra for the initial stages of the reaction at each temperature. The 
differential spectra were produced in the same fashion at those in Section 6.2.2. Each 
spectrum has been baseline corrected with a spline fit function with tie points at 3200, 
2100, -4500 and 1000cm 1 , and an atmospheric water absorption spectrum subtracted 
from each for clarity, taking care to avoid the introduction of artefacts by over-correction. 
Above room temperature, the modified catalyst showed changes in both activity and 
selectivity over time so only showing spectra for the first twenty-five minutes of the 
reaction and a steady state spectrum (-P30-45 minutes) may not appear to be sufficient. 
However, the spectra did not significantly change in intensity or frequencies from the 
steady state spectra, even at the higher temperatures where these long-term effects are 
largest 
Both the CH stretching and the CH bending regions are broadly similar over unmodified 
and modified catalysts. There is very little change in the CH stretching region as the 
temperature increases and the overall sensitivity decreases in the CH bending region. The 
frequency-degenerate asymmetric CI-H bend and asymmetric C4-II bend can be seen 
growing in at -4450 cm 1 , although the blue-shift observed in the band over the 
unmodified catalysts is not observed. 
The negative band, seen over the unmodified catalyst as a 'square' band at -4270 cm -1 at 
70 and 100 °C, shows the only significant deviation from the unmodified behaviour in 
this region. Over the unmodified catalyst, it increases in size in the mid-range 
temperatures and decreases in the upper range. However, over the modified catalyst, 
while it does decrease in size as the temperature increases above 70 °C, it is still clearly 
present at 160 0C. In addition, rather than the square peak shape seen above, the peak has 
a more narrow shape, with a peak at -1250 cm'; the modifier is changing the effect of 
temperature on the methyl lactate 03-0 vibration. 
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Like the unmodified catalysts, the carbonyl region shows the strongest effects of 
increasing temperatures. The unmodified catalyst showed increasing CO D intensity 
above 70°C, at —2060 cm-1 : in contrast, the modified catalyst shows a decrease in the very 
weak COD band and a larger negative CO CG peak at —2020 cm-1 . However, ML9, a 
putative combination band at —1960cm4, does increase in intensity with temperature, 
although the dramatic increase in size with temperature indicates that this is probably not 
the same as the very, very weak band at this frequency in the liquid methyl lactate 
spectrum. The increasing size of this band with temperature, and its presence at those 
temperatures with constant activity (room temperature to 100 °C), may mean that this 
band is related to the decreasing selectivity, possibly the sign of some non-reactive 
complex with the modifier, or some non-reactive hydrogenation side-product. 
Alternatively, it could simply be a drastic shift in the frequency of surface carbon 
monoxide, either dissociative or carrier gas, although no shoulder, related to bridged CO. 
is observed on ML 10. 
ML 10 is significantly stronger over the modified catalyst, as at room temperature, 
although the intensity does decrease with temperature, in a similar fashion to the 
unmodified catalyst. This decrease is not very severe, with 160 0C showing the most 
marked decrease, but still comparable to the room temperature unmodified catalyst, so it 
is unlikely to be associated with the significant decrease in activity or selectivity. 
Below ML 10, the main carbonyl band of the modified catalysts follows the same 
behaviour as for the unmodified catalyst, with the change assigned to hydrogenation in 
the main carbonyl peak decreasing with increasing temperature. There is an increase in 
methyl lactate LP adsorption with temperature as the temperature increases, but the 
intensity of the band is relatively constant above 70 °C. The T3—cis band at —1560cm' 
does not change significantly above room temperature. 
7.6 - Conclusions 
The infrared spectra of the unmodified catalyst appear to show that both conformers of 
Ti coM, T3—cis and possibly T3—trans may be active adsorption modes for the 
hydrogenation of methyl pyruvate to methyl lactate, as these modes are seen over the 
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entire temperature range where the activity of the unmodified catalyst is temperature 
independent. Studies of the room temperature modified catalyst show further evidence 
for this, as it appears clear that T1—cis coM is the preferred adsorption mode for 
hydrogenation of the methyl pyruvate to R-methyl lactate, in conjunction with the 
cinchonidine modifier. What is not clear from the data presented above is whether this is 
the enantiofacial adsorption mode of methyl pyruvate which produces the R-lactate every 
time, whereas the unmodified catalyst has methyl pyruvate adsorbing equally via both Ti 
modes to produce both enantiomers. The modifier may just induce adsorption via 
TI—ciscoM and then the selectivity of the catalyst, or the methyl pyruvate-cinchonidine 
prochiral complex may further affect the methyl pyruvate allowing the enantioselectivity 
of the reaction. 
As the temperature increases over the modified catalyst, it seems that some of the 
enantioselectivity of the catalyst, is lost because of an increase in adsorption via T3—trans, 
a mode apparently increasingly accessible with temperature. Adsorption via this mode 
may not allow the methyl pyruvate to interact favourably with The modifier. 
However, the above statements on the activity/selectivity of the various catalysts contain 
one large assumption: the presence of methyl lactate and hydrogen do not affect the 
adsorption mode of the methyl pyruvate. This assumption is common to literature that 
has examined the adsorption of methyl pyruvate," 2 ' 5" 32 although Lambert et al. did 
include pre-adsorbed hydrogen in their STM studies of methyl pyruvate. 26 ' 34 The effect 
of the methyl lactate or hydrogen on the adsorption mode of methyl pyruvate may explain 
the delay in maximum conversion seen in the gas chromatography data. 
The higher temperatures do increase dissociative adsorption of methyl pyruvate over the 
unmodified catalyst, but not in a fashion detrimental to the eventual catalytic activity, as 
this is apparently limited to the low coverage regime. The modified catalyst also shows 
an increase in surface CO. but at a lower frequency and intensity. The higher 
temperatures also increase the dissociation of the methyl pyruvate under hydrogen, still 
mainly over the unmodified catalyst. 
The reaction spectra do not show any effects of temperature that can be definitively 
linked to the changes in activity or selectivity. The one exception is the splitting of the 
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carbonyl band observed above room temperature. These two bands may be linked to the 
prochiral complex with the modifier and/or some other complex/adsorption mode that 
does not produce the desired outcome. 
The activity of the unmodified catalyst is temperature independent and it has been 
suggested that the decrease in activity and selectivity over the modified catalyst are due to 
three separate processes. There is a purely thermal effect on the enantiodirecting aspect, 
or moiety, of the modifier, such as a change in adsorption mode or hydrogenation of the 
quinuclidine nitrogen. This effect increases with the temperature above room 
temperature. The 'ligand accelerating' rate enhancement is separate from the 
enantiodirection and is unaffected by the temperature until 100 °C. Above 100°C, there is 
an increase in catalysts poisons, which is due to either hydrogenation of either the 
modifier or the methyl pyruvate/modifier prochiral complexes. This suggested 
hydrogenation may cause blocking of the Pt catalyst sites, and leads to a decrease in 
activity. 
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Chapter 8— The Adsorption of Methyl Pyruvate on 
Pt( 111) 
8.1 - Introduction 
In addition to the supported catalyst results, the adsorption of methyl pyruvate was 
studied on a platinum single crystal in ultra-high vacuum in order to more closely 
determine the adsorption mode of the reagent on the catalyst surface in and idealised 
system. The methyl pyruvate adsorbed onto a Pt( Ill) single crystal was studied using 
Reflection Adsorption Infrared Spectroscopy, as described in Section 3.8. A Pt(Ill) 
single crystal was used because it has been shown that catalyst particles of nanometre 
scale are more effective for the enantioselective reaction, for which the low index planes 
will dominate. 16;11;26 
8.2 - Additional ExDerimental Detail 
As discussed in Section 3.5.2, methyl pyruvate froze in the bleed valve (Figure 3.11) as it 
was opened, causing pressure bursts as the frozen plugs of methyl pyruvate sublimated. 
This made it difficult to accurately measure the pressure of the pyruvate in the system, 
and determine the level of the crystal's exposure. This was further complicated by the 
appearance of surface species in the infrared before the ion gauge showed a pressure 
above lx 10'0 mbar, owing to the very low pressures of methyl pyruvate and the distance 
between the bleed valve and crystal and the ion gauge. As a result, the two datasets 
presented in this chapter, designated RI and R2, cannot always be directly compared, as 
the exposures and pressures quoted are approximate. 
RI and R2 were taken with slightly different crystal temperatures: RI at 160K and R2 at 
175K. This is explained by the degree of thermal contact of the crystal with the copper 
sample block (Section 3.5.3and Figure 3.13). Cooling or heating the crystal causes the 
tungsten heating wires, which also serve to hold the crystal in place, to expand and 
contract, allowing the crystal to slip out of optimum thermal contact with the liquid 
nitrogen-temperature copper sample block. 
186 
Chapter 8 - The Adsorption of Methyl Pyruvate on Pt(1 11) 
Due to the difficulty in pressure measurement, the RAIRS data can be split into three 
separate regimes: the low-pressure regime, where P! ~ 2x 10 mbar, and it was not possible 
to maintain a steady pressure; the 'high' pressure regime, where 3x  1 0 8  > P :g lxi O 
mbar, a region where the pressure was more stable; and the desorption regime, after 
-3x iø mbar had been reached, when the bleed valve was closed and the crystal heated. 
Each regime will be examined in turn. In each case, only the carbonyl stretching region 
and the CH bending region will be discussed as the CH stretching region did not' show 
any vibrations, due to the low intensity of these bands. 
8.3 - Low Pressure Re2ime 
8.3.1 - Introduction 
The data discussed in this section is not quoted in terms of the system pressure, read at 
the ion gauge, as a significant proportion of the data has a recorded pressure of :!~ lxi (yIO 
mbar (0.41, and below for RI and 0.251, and below for 112). The Langmuir (L) is used 
instead, defined as the dose of gas arising from an exposure of the surface to a pressure of 
10-6 Toff of gas for one second. While the Langmuir is a measure of exposure, it is not 
necessarily an accurate measure of adsorption, as the latter is dependent on adsorption 
conditions, such as pressure and temperature. ' 4 ' This is further complicated in this case 
due to the difficulty in measuring accurate pressures. 
Additionally, the exposure time is estimated; as discussed in Section 3.5.2, the bleed 
valve was adjusted to one turn short of being fully open, and then infrared spectra were 
taken for each small change in the position of the valve. The exposure times have been 
calculated based on the time for each spectrum (-3 minutes), with the starting point taken 
to be the first scan after adjusting the bleed valve. Due to the low pressures at this stage, 
the difference between using this start point, and one immediately before any change to 
the infrared spectrum, is between 0.1L and 0.021,; small enough to be discounted amongst 
the other approximations. 
8.3.2— Data Processing 
In the low coverage regime of the RAIRS data, the spectra had very low signal-to-noise 














spectra have been smoothed with a boxcar function and a 7-point averaging. Figure 8.1 
shows the raw data for a spectrum from each dataset (A), and the resultant smoothed 
spectra (B); these spectra have been baselined with tie points at 2200 and 900 cm -1 , the 
limits of the data. 
Figure 8.1 - Smoothing the Raw Data 
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Another factor affecting the low S/N ratios was an exaggeration of minor changes in the 
single beam intensity, not related to changes in the crystal surface, leading to uneven 
baselines. Figure 8.2 shows the smoothed data from each dataset, only baselined at 2200 
and 900 cm' (B), and the spectra with the additional baseline tie points at 2000, 1500 and 
1100 cm' required to produce readable and comparable traces (C). This susceptibility to 
changes in the single beam, due to the low S/N ratios, also included a strong sensitivity to 
miscancellation features in the absorbance ratioing. Figure 8.2 includes the background 
single beam for both datasets; the four dashed, vertical lines show points where sharp 
changes in the gradient of the background can lead to miscancellation features in the 
spectra. The deviation of the trace's baseline due to miscancellation features can both 
create peaks and change the intensity of valid absorption peaks, not just at the point of the 
miscancellation, but also in the surrounding region. In addition, there is a large change in 
the gradient of the single beam between 1100 and 900 cm', due to the MCT detector 
moving to zero response at —850 (Section 3.1), rendering the shape of this region of 
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the trace increasingly susceptible to miscancellation. As a result, while it remains 
possible to determine the presence of methyl pyruvate peaks in this region, it is 
increasingly difficult to use the intensity of these peaks to determine specifics about the 
system. 
Figure 8.2 - Ba.selining the Spectra 
Ri 0.35L 	 R2 0.25L 
	




I 	 I 	 I 
_ 
o 00 t 	 Background 	 A A 








2200 	203 	1000 	1600 	1400 
	
1200 	11010 	2200 	2600 	1800 
	
0600 	1400 	0260 	1600 
Wavenumber 1cm 
8.3.3 - Low Pressure RAIRS Spectra 
While the spectra in the low pressure regime are labelled using methyl pyruvate 
exposures, the approximations used in calculating the exposure, discussed in Section 8. 1, 
mean that the exposures assigned to each spectrum cannot be used to directly compare 
like with like between the two datasets. However, by combining the exposures, the 
pressures and the shape of each spectrum, it is possible to associate pairs of 
approximately equivalent spectra from each dataset. Figure 8.3 shows selected spectra 
from each dataset as pairs of approximately equivalent spectra from each dataset, 
numbered I to VIII, where the methyl pyruvate coverage increases from Figure 8.31 to 




Figure 8.3 - Comparing Similar Low Coverage RAIRS Spectra 
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While the pairs of spectra in Figure 8.3 do show many similiarities between the datasets, 
there are some significant differences. Figure 8.4 shows an expansion of Figure 8.31V, 
0.4L from RI and 1.31- from R2, the pair with the closest agreement between the two 
datasets; it can be seen that several of the peaks are equivalent for both datasets in both 
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frequency and intensity - for example the carbonyl peak, MP2I and MP30. However, 
there are some marked differences between the two spectra, particularly in the broad band 
above the carbonyl in frequency and in MP23/24. These differences could be due to 
divergence in the exposures, pressures or temperatures; different chemical environments 
for the surface species; or artefacts induced by the data processing (as discussed in 
Section 8.3.2). Those cases where the discrepancies are believed to be due to data 
processing are discussed here; the remaining features will be covered in more detail in 
Section 8.3.4 
The conspicuous variation in intensity of MP23/24 is a common difference between the 
two datasets and is probably due to a processing artefact. In Figure 8.2, the single beam 
shows a sharp change in gradient at 1383 cm' that will affect the ratioing and baselining 
of the spectra. As the raw data in RI show a sharp negative band in this region it is likely 
that this dataset has been more affected by miscancellation in this region than R2. MP3 I 
is probably similarly affected by miscancellation, as it lies on the dip in the single beam at 
1094 cm. 
Figure 8.4 - Points of Difference Between the Low Coverage RAIRS Spectra 
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The lowest coverage spectra, Figure 8.3 I and H, are broadly similar for the two datasets. 
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individual vibrations entirely speculative. The frequency of these bands is higher than 
those observed over methyl pyruvate on the supported catalyst, or by Wihnshurst et al.,' 10 
so they may indicate some other adsorption process, rather than simply a carbonyl band 
shifted by adsorption and low coverage. C—H bending vibrations can be observed for 
both coverages and datasets; MP21, the C4—H asymmetric bend at —1440cm' and 
MP23/24, the Cl—H symmetric bend. The latter band is perturbed to the methyl lactate 
frequency as observed for the supported catalyst results and shows a large difference in 
intensity over the two datasets, assigned to ratioing miscancellations as discussed above 
(Figure 8.4). Both sets of spectra show a series of broad bands below —1300cm', which 
vary in position and intensity across the two datasets. Given the level of noise in these 
low intensity spectra, it is difficult to definitively assign the differences in these broad 
bands as data processing artefacts, miscancellations or true differences in the adsorption 
modes of the surface species. Unlike the DRIFTS spectra in previous chapters, it is not 
possible to ascertain the principal adsorption mode of the surface species from these 
spectra due to the ambiguity in the carbonyl band and the lower frequency bands. 
However, it can be seen that, as the exposure increases, the T3—cis band at —1 580 
increases in intensity, indicating an increase in surface concentration of this mode. 
As the coverage increases, in Figure 83111, the intensity of the broad carbonyl band 
increases and there is now a more recognisable carbonyl band at —1 740cm 1 . The band is 
more intense in the R2 dataset, probably due to higher methyl pyruvate coverage in this 
case. The carbonyl is nominally at the liquid methyl pyruvate C2 carbonyl frequency but 
the DRIFTS data shows the C3 carbonyl is red-shifted on adsorption via the C2 carbonyl. 
In addition, McBreen et al. 132 assign this band to the free carbonyl in methyl pyruvate 
adsorbed via the C2 carbonyl so this band is assigned as the C3 carbonyl vibration of 
methyl pyruvate adsorbed via the C2 carbonyl. Both spectra show weak shoulders on the 
main carbonyl peak, one at --1660cm 1 , probably due to C2 carbonyl LP adsorption, and 
another at —1690cm, which may be C3 carbonyl LP adsorption. The final carbonyl 
related vibration, adsorption via the T3—cis mode at —1580 cm, does not appear to 
increase with exposure/coverage. 
In the CH bending region, there is still a large difference in intensity of the MP23/24 
bands, due to a processing artefact, but, in the R2 spectrum, MP23/24 has comparable 
intensity with the main carbonyl band. Below this, Figure 8.3111 is the first pair of 
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spectra to clearly show the conformational markers - MP25 at -.1300cm' and MP28 at 
-1200cm' -both trans. Finally, at -.1 140cm both spectra show MP30, the out-of-plane 
C4 rocking vibration at a median intensity. As discussed in Section 2.6.3, the Metal 
Surface Selection Rule implies that only normal modes, with oscillating dipoles normal to 
the surface, will be visible in RAIRS, so the presence of an out-of-plane mode together 
with other, in-plane, vibrations is used by McBreen et al. 132  to herald the start of 
multilayer formation. 
Figure 8.31V shows the next increase in methyl pyruvate coverage/exposure and, as 
discussed above, is the set of spectra most closely linked in terms of frequencies and 
intensities. Many of the bands are the same as in the previous pair of spectra, with some 
notable exceptions. The broad carbonyl band at -1800cm' is now very different for the 
two spectra - R2 has shown a decrease in absolute intensity, while RI has increased 
significantly in intensity and the T3-cis band is also more intense in the RI spectrum. 
This could be due to processingfbaselining artefact but it is generally more intense in the 
RI spectrum; it is possible that this adsorption mode is more prevalent for this dataset. 
MP23/24 shows a small decrease in intensity, while most other bands have increased 
slightly, mostly due to the increase in the coverage but the very weak, unidentified band 
at 1330cm', observed in the first three sets, is no longer visible. The cis markers can now 
be seen, but the trans bands are still more intense. The skeletal vibrations are now 
becoming clear, including the C-C stretching bands - trans at -.1000cm' and cis at 
-960cm' - with the trans band as the more intense. RI also shows a medium weak band 
for the 03-C4 vibration at -930cm'. 
Figure 8.3V is broadly similar to the last three spectra (VI, VII and VIII), with only 
general increases in intensity, especially for the carbonyl peak, as the coverage/exposure 
increases. In the RI dataset, the broad carbonyl band does not increase with intensity, but 
the R2 dataset shows a steady decrease in this band. The main carbonyl peak for both 
spectra only increases in intensity with coverage, without any change in frequency or 
band shape, although the two LP adsorption bands (1690 and 1660 cm) remain 
relatively constant in intensity. As mentioned above, the T3-cis band generally shows a 
higher relative intensity, compared to the main carbonyl peak, for the RI dataset, 
although there is very little change as the coverage/exposure increases. In contrast, the 
R2 da.taset shows a greater, and increasing, relative intensity for the C4 methyl bends, 
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even though the both datasets now show the three C4 methyl bends observed in the liquid 
methyl pyruvate spectrum. The discrepancy in intensity in the MP23/24 band is 
continued over the last four pairs of spectra, but both datasets show the band at 
—1350cm 1 , the unperturbed frequency, from Figure 8.3V, whereas the previous four pairs 
showed the perturbed C  methyl band. In addition, there is a steady decrease in intensity, 
relative to the main carbonyl peak, for the R2 dataset. Below MP23124, the spectra 
become increasingly more liquid-like, particularly over the R2 dataset, with MP30, the 
out-of-plane C4 rocking vibration as one of the most intense bands. The R2 dataset 
shows all of the skeletal vibrations observed in this region for the liquid spectrum, while 
the RI dataset has less detail in the spectra. Given the sharp change in gradient of the 
single beams in this region, it is difficult to be certain of the causes behind the differences 
in intensity between the two datasets. 
8.3.4 - Discussion 
There are two points that may indicate the start of multilayer coverages, Figure 83ffl and 
IV. The former shows the first appearance of the free carbonyl vibration and MP30, the 
out-of-plane C4 rocking vibration, both of which are cited by McBreen et al. as evidence 
of methyl pyruvate multilayer formation on platinum, who also suggested that multilayer 
coverage is achieved at very low exposures on platinum (0.25L). 112  However, in this 
case, there is another, possibly significant, change in the spectra shown in IV - a shift in 
the frequency of the C  symmetric methyl bend from the perturbed, methyl lactate-like 
frequency to the unperturbed liquid methyl pyruvate-like frequency. This frequency-shift 
was also accompanied by a striking decrease in overall intensity of the band. Therefore 
the low pressure regime can be further subdivided into three surface states: the sub-
monolayer/monolayer region; the onset of multilayer coverage; and a region that is 
comfortably into multilayer adsorption of the methyl pyruvate. 
Sub-monolayer/monolayer coverage. 
Figure 8.31 and LI show this coverage of the crystal and the main features in the spectra 
are the broad carbonyl band, the growth of the T3—cis band, very weak C4 methyl bends 
and MP23/24, the C  symmetric methyl bend. The latter band is relatively intense and 
shifted to the perturbed methyl lactate-like frequency; its lack of intensity in the Ri 
spectra has been attributed to a miscancellation feature. Unfortunately, the behaviour of 
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this band in the DRIFTS data, across temperature and coverage, was sufficiently complex 
that this shift in frequency was not linked directly with an adsorption mode. The broad 
carbonyl band is the other main vibration that couldindicate the adsorption mode of the 
methyl pyruvate, although it is at a higher frequency in the RI dataset, —1 830cm' 
compared to '-4790cm in R2, and may show a difference in adsorption even at this low 
coverage. A broad band at this frequency has not been observed in the DRIFTS spectra 
or in the literature, over either nickel or platinum. 26' 15;132  In addition, Wilmshurst et al.110 
only observed very weak bands in this region and assigned them to overtones and 
combinations. 
There are a few possibilities for assigning this band, as well as offering explanations for 
the differences between the RI and R2 spectra. Pyruvic acid has a main carbonyl peak at 
-4790-1800 cm' (Reva et al.'42) and could be produced at the crystal surface by 
dissociation of the C4 methyl. Alternatively, Lambert et al.26 have observed 
self-condensation of methyl pyruvate at a Pt( 111) surface at room temperature. This 
condensation begins with the loss of a Cl-methyl hydrogen followed by an aldol 
condensation and the loss of a methoxy species. This leads to CO(ads) and H(ads) at the 
crystal surface and --9-monomer unit, partially dendritic polymers but it is inhibited by 
coadsorption with hydrogen or (S)-napthylethylamine (NEA).' 6 Finally, another aldol 
condensation has been suggested by Fern et al., 126  and this was used in Chapter 6 (Figure 
6.7) to show that there could be lactone formation at the supported catalyst surface. 
If the broad band is due to the polymers observed by Lambert et al., 16,26  it appears to have 
been more extensive in the RI case, based on the later spectra; the presence of non-
volatile polymers could certainly lead to the later differences in the spectra. The 
difference could be due entirely to the pressure bursts; coadsorption of methyl pyruvate 
with hydrogen or NEA was found to inhibit the polymerisation by blocking of adsorption 
sites thus preventing the initial loss of the Cl-methyl hydrogen. If there was a larger 
pressure burst, and a concomitant faster increase in methyl pyruvate coverage, in the R2 
case it is possible that similar site-blocking could occur. This could explain the more 
intense T3—cis band in the RI dataset as the DRIFTS spectra appear to show that this 
adsorption mode is slightly more accessible at low coverages. Alternatively, the R2 
spectra may show the aldol condensation discussed in Chapter 6 as a possible explanation 
for a band in the DRIFTS spectra at 1 790cm" or a simple dissociation to pyruvic acid. 
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Onset of multilayer coverage 
Figure 8.3111 and W probably show the onset of multilayer coverage, although it is not 
clear which is more likely. However, a change in the adsorption is certainly evident in 
the difference between these spectra and the earlier spectra: the appearance of the free 
carbonyl peak; the change in MP23/24; the loss of the very band at 1330cm; and the 
increase in intensity of the skeletal vibrations below —1 200cm 1 . 
Assuming the broad carbonyl band in the RI dataset is evidence of polymerisation, then it 
can be seen that this increases slightly with the beginning of the multilayer, while the R2 
dataset shows a decrease, possibly relating to the suggested lactone or pyruvic acid 
surface species. The decrease in absolute intensity of the band at —1780-1800 cm' may 
indicate decomposition of the surface species, similar to that observed, at higher 
temperatures, by McBreen et al.;115 decomposition into carbon monoxide and methoxy 
species may only leave a small amount of minority surface species obscured in the 
infrared by the multilayer methyl pyruvate. 
The possible difference in sub-monolayer surface species could explain the difference in 
MP23/24, but both spectra do show a shift to the unperturbed frequency in IV, possibly 
as a result of the onset of methyl pyruvate adsorption without dissociation/polymerisation 
in both datasets. However, it is clear that the adsorption mode is strongly enhancing the 
C  symmetric methyl bend in II and ifi and that the effect is decreasing with increasing 
coverage. The DRIFTS spectra showed that, at room temperature, low coverages of 
methyl pyruvate on an unmodified catalyst showed a larger perturbation of this vibration 
than at higher coverage, although this effect diminished with increasing temperature. The 
similar behaviour of this band, together with the behaviour of the other bands in LII and 
IV, does imply that a similar adsorption mode is occurring as on the unmodified catalyst 
- adsorption via a Ti mode, probably TI—transCOM, and that the change in MP23/24 is 
related to coverage in this case. 
Multilayer coverage 
Once multilayer coverage has been reached, it is difficult to categorically assign 
adsorption modes on the single crystal, however it is clear that there does not appear to be 
any further polymerisation, and that the --1790cm' peak in the R2 dataset is decreasing. 
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The T3—cis peak at —1580 cm remains stable, but is still more intense in the R  dataset 
and the presence of the polymers could be affecting the C4 methyl bends, as they are 
significantly more intense in the R2 spectra. Finally, by the last spectrum of the low 
pressure regime, the two datasets, particularly R2, are beginning to look very liquid-like, 
apart from bands such as T3—cis and the broad carbonyl band at —I 830cm (Figure 8.5). 
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8.4 - 'Hi2h' Pressure Regime 
In the 'high' pressure regime, the spectra showed enough intensity that the data 
processing could be limited to baselining, with tie points at 2000, 1500 and 900 cm. In 
addition, the miscancellations and processing artefacts, discussed in Sections 8.3.2 and 
8.3.3, were much less significant. 
Figure 8.6 shows the 'high' pressure spectra for the RI dataset. As the pressure was 
increased, the most of the bands in the spectra increased in intensity, moving closer to the 
liquid methyl pyruvate spectrum. However, the broad band at —1830cm' and the T3—cis 
do not appear to increase, actually decreasing in relative intensity compared to the 
carbonyl band, increasing the liquid-like look of the spectra. At 5xi0mbar, although 
there was no pressure burst, there was a sharp and sudden increase in intensity; this 
spectrum was reduced by a factor of 5 in Figure 8.6. This final spectrum, after which the 
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flow of methyl pyruvate into the RAIRS cell was turned off, most closely resembles the 
liquid spectrum; the band at -1 830cm' and the T3—cis are no longer visible. 
Figure 8.6 - RI 'High' Pressure Spectra 
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Figure 8.7 shows the 'high' pressure spectra for the R2 dataset. The spectra again only 











Chapter 8— The Adsorption of Methyl Pyruvate on Pt( 111) 
similarity to the liquid methyl pyruvate spectrum. However, the last spectrum in Figure 
8.7, marked as <lx 10mbar, showed a massive increase in intensity (reduced by a factor 
of 20 in Figure 8.7), with a concurrent decrease in the system pressure while still under 
flowing methyl pyruvate. This spectrum is also markedly different from the preceding 
spectra and liquid methyl pyruvate, with a split in the main carbonyl peak and several 
significant differences in relative intensities. 
8.4.1 - Discussion 
It is clear that, until the last spectrum shown in each case, both datasets merely show an 
increase in multilayer methyl pyruvate at the crystal surface as the temperature increases. 
It does not appear as if the differences in the low pressure regime, with the possible 
polymerisation (RI) or dissociation (R2), have any significant effect on the higher 
pressure multilayer adsorption or spectra. However, both datasets showed a large 
increase in intensity for the last spectrum and the R2 spectrum was significantly changed 
from the preceding, liquid-like spectra. The most probable cause of the sudden increase 
in intensity would be the methyl pyruvate partial pressure in the RAIRS cell reaching a 
condensation point and forcing more of the methyl pyriivate out of the gas phase. 
The high intensity spectra are different in each dataset and reached at different apparent 
partial pressures of methyl pyruvate, so there must be an additional factor affecting the 
condensation of the methyl pyruvate onto the platinum surface. It is possible that the 
methyl pyruvate has condensed onto the surface in a different phase in each case, possibly 
as a result of the temperature difference, or the vagaries in the methyl pyruvate dosing 
system. 
The RI dataset shows a high intensity spectrum with many similarities to that of the 
liquid methyl pyruvate spectrum, with only very small shifts in frequency, so this may 
represent the spectrum of a liquid thin film at the platinum surface. However, the 
platinum temperature is 160K and methyl pyruvate has a melting point of a 243K at 
atmospheric pressure, so it is more likely that the thin film is solid/frozen methyl 
pyruvate. Wilmshurst et al.'1° studied solid films of methyl pyruvate in both the glass 
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and crystalline phases and comparison with their data and spectra indicates that the RI 
high intensity spectrum shows a glass-like thin film at the platinum surface. 
The R2 high intensity spectrum is not so simply assigned. It bears many similarities with 
the crystalline phase methyl pyruvate observed by Wilmshurst et al.' ° but there are slight 
differences in the frequencies of the some of the bands. Overall, the relative intensities, 
frequencies and peak-shapes of the R2 high intensity spectrum compare well with the 
crystalline phase; it is certainly not evidence of a liquid or glass thin film of methyl 
pyruvate. 
The difference in methyl pyruvate thin film between the two datasets may be due to those 
low coverage effects discussed in Section 8.3.4, but it is more likely that it is due to 
temperature and methyl pyruvate partial pressure. The RI experiment showed the high 
intensity spectrum when the partial pressure in the system had reached 5 xi Ombar, and is 
essentially only a condensation of methyl pyruvate onto the platinum surface in a 
disordered thin film, probably a glass. However, the R2 experiment showed decreasing 
pressure in the RAIRS cell, when the previous scan had been taken at a stable partial 
pressure of lxi 0mbar. This decreasing partial pressure is further evidence of the large-
scale condensation occurring in this case and explains the significantly higher methyl 
pyruvate loading. It is not clear whether this large increase in the amount of condensed 
methyl pyruvate at the platinum surface led to the crystalline phase, or whether the 
slightly higher temperature of the single crystal allowed the ordering of the surface 
methyl pynivate. Likewise, the cause of the higher surface loading could be either the 
formation of the crystalline phase or the higher temperature. 
8.5 - DesorDtion 
Figure 8.8 shows the desorption of methyl pyruvate from the platinum surface in the RI 
experiment. There is very little change in the spectra as methyl pyruvate partial pressure 
in the system decreases, merely an overall decrease in intensity and therefore surface 
loading of methyl pyruvate. However, there were some exceptions to the decrease in 
intensity; (b) shows the first spectrum taken after the flow of methyl pyruvate into the 
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RAIRS cell had been turned off and the intensity of the main carbonyl peak increased by 
a factor of 2.5, further evidence of condensation of methyl pyruvate from the gas phase. 
Thereafter, the spectra gradually decreased in intensity until, at point (c), heat was applied 
to the platinum crystal, as discussed in Section 3.5.3. While (c) only shows the expected 
decrease in intensity, (d) shows another marked increase in intensity (5 times larger than 
(a)). This is probably due to methyl pyruvate desorbing from elsewhere on the cold 
finger, possibly the heating wires themselves, and re-condensing onto the platinum 
surface 
The spectra gradually decreased in intensity as the temperature was increased to 215K, 
(g), near the maximum achievable with the cold finger filled and without burning out the 
tungsten heating wires. However, there was a shift in the carbonyl band, to a more liquid-
like frequency, although this is relatively weak evidence of a phase change in the surface 
thin film. 
Figure 8.9 shows a similar spectrum for the R2 experiment. In this case, the spectra did 
not show any changing behaviour at all, other than a decrease in intensity; even the 
spectra at 215K appear to show crystalline methyl pyruvate. Heat was applied to the 
crystal after (1), but there was no concurrent increase in intensity or any apparent change 
in the surface phase, only gradually decreasing intensity. 
8.6— Summa 
Data has been presented showing sub-monolayer, multilayer and thin film adsorption of 
methyl pyruvate onto a Pt( 111) single crystal. In the sub-monolayer region, there was no 
clear adsorption mode, and there was some evidence of either polymerisation or 
dissociation. The only clear evidence showed adsorption via the T3—cis adsorption mode, 
along with some effect of adsorption on the symmetric C  methyl bend, seen to dominate 
at low coverages in the DRIFTS spectra. As the coverage increased, some evidence was 
found for adsorption via the T1—transCoM mode, although T3—cis was still present. These 
adsorption modes are the same as that observed using DRIFTS for the adsorption of 
methyl pyruvate on unmodified Pt/alumina catalysts. 
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At the highest exposures, and at pressures above lxi Ombar, the surface species shows 
very little difference in the infrared from liquid methyl pyruvate. However, there did 
appear to be a point at which the partial pressure of the methyl pyruvate was sufficient for 
methyl pyruvate to condense out of the gas phase in significant concentrations. The two 
experiments differed markedly at this point, as a result of temperature or problems with 
the methyl pyruvate dosing system. The RI dataset appeared to show a thin film of 
methyl pyruvate in the glass phase, with a shift to a more liquid-like spectrum as the 
temperature was increased. On the other hand, the R2 experiment showed adsorption in a 
crystalline phase, at a significantly greater surface loading. This crystalline phase 
appeared to be stable in the temperature range observed. 
204 
Chapter 9- Conclusions 
Chapter 9— Conclusions 
9.1 - Introduction 
In conclusion, this work represents the first in situ spectroscopic evidence of 
enantioselective hydrogenation of methyl pyruvate over cinchona-modified platinum 
catalysts and the most important findings have related to the in situ spectroscopic 
evidence for the adsorption mode of methyl pyruvate on JM94 Pt/alumina catalysts 
(Chapters 5 and 7) and the temperature dependence of the gas/solid phase heterogeneous 
enantioselective hydrogenation of methyl pyruvate by cinchonidine-modified 1M94 
Pt/Alumina. This chapter concentrates on these findings, while briefly mentioning the 
highlights of the spectroscopic studies of the heterogeneous reactions and the adsorption 
of methyl pyruvate suited by RAIRS. 
9.2 - The Adsorption Mode of Methyl Pyruvate on 
Platinum 
9.2.1 - Summary 
Chapter 5 discussed the possible adsorption modes of methyl pyruvate in relation to DFT 
calculations of a-dicarbonyls bonded to nickel;' 4 several spectroscopic markers were 
proposed that allowed the adsorption mode of methyl pyruvate on platinum to be 
identified. These markers were then used in Chapters 5 and 7 to determine the adsorption 
modes at room temperature and in the higher temperature catalysts; Figure 9.1 show 
schematics of the modes observed. 
At room temperature, methyl pyruvate adsorbed on the unmodified catalyst via the TI 
modes. TI-ciscoM was the principal mode at low coverages but, as saturation coverage 
was reached, the proportion adsorbed via T1—transcoM was slightly higher than cis; T3-
cis and TILp were also observed. The RAIRS studies of methyl pyruvate adsorption on a 
Pt(1 11) single crystal showed similar adsorption modes. 
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As the temperature increased over the unmodified supported catalyst, the T3—cis and Tl Lp 
modes increased in surface coverage and there was also some evidence of adsorption via 
T3—trans. While T1COM remained the principal adsorption modes, the mid-range 
temperatures showed a preference for the cis conformation and the upper-range reverted 
back towards the trans. This implies that the conformation of the adsorption mode is 
simply a temperature effect and has no effect on the racemic reaction; likewise, the T3 
and LP adsorption modes may be active for hydrogenation to the a-ketohydroxyl. 
Alternatively, there may be interconversion between the different modes and the reaction 
will occur providing the active mode is accessed before desorption. 
The adsorption mode of methyl pyruvate on the modified catalyst was more constrained 
than the unmodified case; at room temperature, the LP and T3—cis were not as evident 
and, at all temperatures, the carbonyl band was more narrow, implying a reduction in the 
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perturbation of the C3 carbonyl on adsorption compared to the unmodified catalyst or 
simply a more homogeneous adsorption mode. At room temperature, methyl pyruvate 
adsorbs in TI COM modes, with TI—ciscoM as the dominant mode at saturation coverage; in 
conjunction with the modifier, this mode appears to be the prochiral adsorption mode for 
hydrogenation to R—methyl lactate. 
As the temperature increases for the modified catalysts, T3—trans becomes more 
accessible, possibly leading to the inhibition of the enantioselectivity of the reaction. In 
addition, the C3 carbonyl peak shows two overlapping bands. Although the implication 
of this is unclear, it could indicate to different interactions with the modifier, one 
enantioselective and one racemic/inactive, or simply be a result of the T3—trans 
adsorption mode. 
9.2.2 - The Interaction of Methyl Pyruvate and Cinchonidine on 
Pt/Alumina Catalysts. 
As discussed above, the modifier induces a strong influence on the adsorption mode of 
methyl pyruvate on a platinum catalyst. However, as well as inducing adsorption via the 
T1—ciscoM mode, there are other effects, principally on the ester moiety of the molecule. 
The C3 carbonyl vibration is less perturbed than in the modified case or only one of the 
possible two overlapping bands is visible (Section 7.4.4). The relative intensity of the C4 
methyl bends are enhanced on adsorption to the unmodified catalyst; this decreases 
markedly over the modified catalyst. By contrast, the C4 out-of-plane rocking vibration 
is increased in relative intensity over the modified catalyst. Finally, in the ketonic part of 
the molecule, the perturbation of the Cl symmetric methyl bend is decreased, although 
this is also affected by temperature and coverage, including over the platinum single 
crystal. In conjunction with the literature, it is possible to estimate the structure of the 
interaction between the modifier and the methyl pyruvate at the catalyst surface. 
In common with the findings of this work, Baiker et al."6 found that the cis conformer of 
methyl pyruvate is stabilised by interaction with cinchonidine; however, the relative 
proportions of the calculated pro-chiral complexes of the Baiker work implied that the 
trans conformer was more likely to be involved in the enantioselection. In addition, they 
assumed methyl pyruvate adsorbed in a parallel fashion via the it-bonding of the 
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carbonyls, an assumption discounted by adsorption studies of methyl pyruvate on metal 
single crystals as well as this work. 261 12"5132" 35  The same group have also demonstrated 
that the cis conformation is stabilised in polar solvents, which are found to increase the 
enantioselectivity of the liquid phase reactions. 133  More recent work has also found that 
the cis conformation is a more stable adsorption mode. 143 While the latter paper did not 
include the presence of the modifier, it did show the methyl pyruvate adsorbed via the C2 
carbonyl, where it was found to extend the carbonyl bond and activate it for 
hydrogenation. This last point may offer a more rigorous explanation for the shift in the 
Cl methyl vibration from MP8a to MP8b than the carbon—oxygen—metal (COM) bond 
discussed in Section 5.3.2. Baiker et al.'44 have extended the density functional 
calculations to include the adsorption mode of cinchonidine on platinum and have 
included the interaction with a cis conformed methyl pyruvate molecule; they have 
suggested that cinchonidine adsorbs in an Open conformation, in common with other 
authors, 141-147  and that the reaction takes place in a chiral pocket. 
Therefore, the assignment of TI—cis cOM as the principal adsorption mode for the methyl 
pyruvate in conjunction with the modifier is in good agreement with the literature. Figure 
9.2 shows a possible prochiral complex for the interaction of cinchonidine and methyl 
pyruvate adsorbed on a platinum catalyst. The red dashed lines show the suggested 
bonding to the platinum surface (*). This figure contains a number of assumptions from 
the literature, particularly in the conformation of the modifier, as no spectroscopic 
evidence for the adsorption mode for the modifier has been observed in this work. The 
cinchonidine conformation shown is a simple 'Open (3)' conformation, based on. the 
work by Baiker' 45 and also used by Hotokka et al. 
148  Another common assumption in the 
literature is the protonation of the quinuclidine nitrogen, 
148  allowing hydrogen bonding 
with the methyl pyruvate (the uppermost blue line). The schematic in Figure 9.2 is 
similar to that shown by Balázsik and Bart6k 149 who suggested that co-ordinately 
unsaturated corner and adatoms are involved in the chiral induction and included a 
platinum atom in the centre, forming a ligand complex at the catalyst surface; the 
additional platinum atom has been omitted in this case. 
If this hydrogen bonding is occurring with the ester part of the methyl pyruvate, this 
could explain the changes in the C4 vibrations in the absorption spectra discussed above, 
as well as reducing the perturbation of the adsorption on the Cl methyl. Additional 
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hydrogen bonding, possibly from the important' 5° C9 hydroxyl (the lower blue line), to 
the C2 carbonyl could be responsible for the lack of LP adsorption, as it increases the 
likelihood of COM adsorption. Presumably, this will also affect the addition of the 
hydrogen, producing the R-methyl lactate but speculation on the exact mechanism of the 
enantiodifferentiation is not warranted based on the data presented here. 
Figure 9.2 -A Suggested Interaction Between Cinchonidine and Methyl Pyruvate 
Adsorbed on Platinum 
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9.3 - The Temperature Dependence of the Gas/Solid 
Onto Reaction 
9.3.1 - Temperature Deactivation of the Modified Reaction 
As discussed in Chapter 7, the conversion for the unmodified catalysts was completely 
temperature independent between room temperature and 160 °C; so all temperature-
induced effects are due to the modifier itself. The behaviour of the modified reaction 
with respect to temperature has shown that there are three separate deactivation processes. 
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The first two relate to the effect the modifier has on the reaction; an effect that can be 
viewed as occurring via two separate portions of the modifier: an enantiodirecting part, 
probably the quinuclidine moiety, and a purely 'ligand accelerating' part, which only 
increases the rate of the reaction. This two-part effect of the modifier has been observed 
by Zuo et al.21 when comparing cinchonidine modified platinum and rhodium. Above 
room temperature, the enantiodirecting part becomes less efficient as the temperature 
increases, possibly as a result of a change in adsorption mode of the modifier, which has 
been shown to be temperature dependent. ' 45 ' However, while the enantiodirecting part is 
decreasing/becoming less efficient, the 'ligand accelerating' continues to work until 
100°C. 
Above that temperature, however, a third deactivation process is observed. This third 
process is probably some form of hydrogenation 16;18;21  of the modifier into non-volatile 
side-products causing catalyst site blocking. Decreasing conversion to methyl pyruvate 
in the upper temperature range indicated this deactivation, although the 
enantioselectivities remained constant, as the still-active catalyst sites continued to have 
some enantiodirecting modifier remaining. In effect, the proportion of active catalyst 
sites that were enantiodirecting remained constant, while the total concentration of active 
catalyst sites decreased, reducing the conversion. 
9.3.2 - Side Reactions 
Some evidence of side reactions has been observed, although no clear side-products have 
been determined in the modified reaction. Both methanol and ethanol appear to be 
produced in the unmodified reaction, with no clear temperature dependence and no 
definite spectroscopic evidence giving a route to these alcohols. 
However, there is a clear indication of dissociation of methyl pyruvate under helium at 
low coverages and increased temperatures and at higher temperatures under hydrogen. 
This may be related to Lambert et al.'s26" 34 polymerisation reaction, occurring under 
conditions of hydrogen starvation. This dissociation is inhibited by the presence of the 
modifier, but does occur at the highest temperatures. 
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There is one piece of spectroscopic data that may indicate a side reaction: ML1O, the 
band at 1 790cm'. This band is observed over both catalyst states and at all temperatures, 
although it is stronger for the modified catalyst. No definite assignment for this band has 
been given but it may be due to a dissociation product or side reaction. The RAIRS 
low pressure spectra also showed an unidentified band at -4800-1830 cm' which may 
also be related to dissociation or side reaction, but no specific determination for this band, 
or ML 10, has been given. 
9.4 - Implications of this Research 
The research presented in this thesis has some other implications, beyond those discussed 
above, relating to proof of gas/solid phase enantioselective hydrogenation and the 
DRIFTS kinetics studies of the hydrogenation reactions. 
The work by von Arx et al. 131 was the first report in the literature of the gas phase 
enantioselective hydrogenation of methyl pyruvate but, based on their results, they 
suggested that the solvent is important in the Onto reaction. A more detailed discussion 
of the divergence of the von Arx data from this work is given in Section 6.3.3 but it is 
clear from the data presented here that a solvent is definitely not necessary for a 
cinchonidine modifier to induce rate enhancement and enantioselectivity on a platinum 
catalyst. This result is in stark contrast to those authors who have found the solvent a 
44crucial" 5 ' part of the mechanism; for example, the protonation of the quinuclidine 
nitrogen probably occurs as easily via dissociated hydrogen as via a polar solvent such as 
acetic acid. 50  
Margitfalvi et al.51 '52" 52153 have based their enantiodirecting mechanism on the formation 
of a weak complex between the modifier and the substrate in the solvent. This complex 
then adsorbs on the catalyst surface, such that the modifier 'shields' the methyl pyruvate 
inducing enantioselectively hydrogenation. They have presented data based on circular 
dichroism52 and NMR153 that supports the formation of 'host-guest' supramolecular 
interaction in the solvent. However, the research presented here shows that, while this 
complex may be forming in a solvent-based reaction, this complex is certainly not 
necessary for the enantiodirection or rate enhancement of the cinchonidine-modified 
hydrogenation of methyl pyruvate over platinum. 
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Chapter 9— Conclusions 
Finally, it has been proven that the enantioselective hydrogenation of methyl pyruvate can 
be observed, in the gas phase, using in situ spectroscopies. The DRIFTS reaction spectra 
show that the methyl pyruvate is adsorbing from the gas phase and reacting very quickly, 
over both the modified and unmodified catalysts; no methyl pyruvate is observed in the 
steady state reaction spectra and, under flowing methyl pyruvate, this implies that there is 
a very fast turnover of both the reactant and product. In addition, this is strong evidence 
of a fast transfer of methyl pyruvate and methyl lactate between the catalyst metal sites 
and the alumina support. 
While the DRIFTS spectra of the reaction in this work do not explicitly elucidate the 
interaction of the methyl pyruvate, modifier and hydrogen to explain the mechanism, it is 
probable that an extension of this research will yield more helpful spectroscopic data. 
This could be achieved by changing the reaction conditions, using frequency response 
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Freg. 	I trans 	I cis 	I Assignment 
SymmetricModes (a' species) 
V I 3035 3035 C4-H asymmetric stretch 
V2 3008 3008 CI—H asymmetric stretch 
V3 2958 2958 C4—H symmetric stretch 
V4 2929 2929 Cl—H symmetric stretch 
V5 1741 1762 C=0 symmetric stretch 
V6 1737 1733 C=0 antisymmetric stretch 
V7 1448 1448 C4—H asymmetric bend 
V8 1438 1438 C4—H symmetric bend 
V9 1419 1419 Cl—H asymmetric bend 
v10 1356 1356 Cl—H symmetric bend 
v 11 1299 1262 03—C3 stretch 
V12 1191 1213 C4 rock 
V13 1056 1108 Clrock 
V14 1000 964 C—C stretch 
V15 931 931 03—C4 stretch 
V16 827 817 C2—CI stretch 
V17 602 613 02-0-03 bend 
V18 403 454 C1—C2-01 bend 
V19 369 392 02—C3-03 rock 
V20 340 340 C3-03—C4 rock 
V21 212 265 C1—C2-01 rock 
Antis Modes (a" species) _yminetric 
V22 3008 3008 C4—H asymmetric stretch 
V23 2981 2981 Cl—H symmetric stretch 
V24 1456 1456 C4—H asymmetric bend 
V25 1425 1425 Cl—H asymmetric bend 
V26 1133 1148 C4 rock 
V27 1017 987 C  rock 
V28 720 731 02-0-03 rock 
V29 546 501 C1—C2-01 rock 
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Figure A.2 - Transmission Infrared Spectrum of Liquid S-Methyl Lactate 
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 No.  
Assignment 
3088 m sh CDN1 C—H stretch from the pyridine part of the guinoline ring 
3067 ms CDN2 Asymmetric vinyl C—H stretch 
3037 m CDN3 
C—H stretch 
Probably symmetric vinyl vibration 
3002 mw CDN4 Aromatic C—H stretch 
2941 vs CDN5 
C—H stretch 
Probably CH 2 vibrations from guinuclidine group 
2918 vs CDN6 C—H stretch 
2875 s CDN7 
C—H stretch 
Probably single C—H 
2771 m sh CDN8 C—H stretch from C2 and C6 
2715 m CDN9 Broad band of intramolecular hydroxyl hydrogen bonding 
CDNIO  2589 m 
1980 vw CDN11 
Probably weak overtone bands, typical of substituted pyridines 
CDN14  
1954 VW CDN12 
1814 w 
1637 mw CDNI5 Probably guinoline aryl—H stretch 
1616 w CDNI6 Benzene in-plane deformation and aryl—H in-plane bend 
1591 ms CDN17 Benzene in-plane deformation and aryl—H in-plane bend 
1569 mw CDN18 Benzene in-plane deformation and aryl—H in-plane bend 
1539 w CDN19 Probably due to the guinoline group 
1507 ms CDN20 Benzene in-plane deformation and aryl—H in-planebend 
1461 mw CDN21 C7 CH2 scissoring vibration 
1454 m CDN22 CS CH2 scissoring vibration 
1445 w CDN23 Asymmetric CH 2 deformations or OH bending 
1419 1 	mw CDN24 Quinoline ring stretch 
1396 w CDN25 Quinoline ring stretch 
1385 mw CDN26 Quinoline ring stretch and (possibly aryl) C—H in-plane bend 
1367 w CDN27 
Quinoline ring stretch and aryl—H in-plane bend and quinuclidine CH 
wag 
1358 mw CDN28 C—H bend 
1337 mw CDN29 
Quinuclidine CH bend and quinoline C—N--C and C—C—C asymmetric 
stretch 
1324 mw CDN30 Quinoline ring stretch and guinuclidine CH 2 wag 
1307 w CDN3 1 Quinuclidine CH and CH 2 wags 
1298 vw CDN32 Vinyl CH bend and guinuclidine CH wag 
1278 w CDN33 Vinyl CH rock 
1256 w CDN34 CR2 wag 
1235 mw CDN35 Quinoline CH deformations 
1207 mw CDN36 Quinuclidine CR2 torsions and wag and guinoline CH in-plane bends 
1168 mw CDN37 Benzene CH in-plane bends and OH bend and guinuclidine wag/rock 
1130 m CDN38 CH2wag 
1112 vs CDN39 
C—O stretch? 
CDN4I  
1075 mw CDN40 
1065 mw 
1050 m CDN42 C—C stretch? 
1029 1 	mw CDN43 Quinuclidine C—N stretch 
1017 mw CDN44 C—C stretch? 
995 ms CDN45 Vinyl CH deformation 
972 vw CDN46 
C—C stretches 
CDN48  
950 mw CDN47 
930 w 
905 ms CDN49 Vinyl CH deformation 
A-5 
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Chapter 5 - Methyl Pyruvate Adsorbed on Pt/Alumina 
Catalysts 
Figure A.4 - Expanded Spectra of Methyl Pyruvate Adsorbed on Pt/Alumina 
Cagtalysts at Saturation 
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Table A.3 - Freciuencies and Assignments of Methyl Pyruvate 
Unmod 
Liquid Mod JM94 
Peak JM94 Assignment 
No Freq 
- Str Freq -' Str Freq - Str 
/cm  /cm  /cm  
MPI 4445 w 4443 w 
Combination band — 
v 	+ V8 = 4446 
Combination band 
M1P2 4360 vvw 4358 vvw v4 +v2 4354 
v 	+ v 10 = 4364 
MIP3 4220 vvw 4222 
Combination band  
v 2 + v 12=  4210 
MP4 4162 vvw 4165 vvw 
Combination band -  v3 
+v 12 =4160 
MP5 3452 vw 
Overtone band - 2xv 6 
= 3474 
MIP6 3100 vw sh 3105 vw 3103 vw 
Combination band -  v6 
+v10 3093 
MIP7 3030 vw sh 3030 w sh 3030 vw sh 
Asymmetric C4—H 
stretch (v i) 
C I —H asymmetric 
MP8a 3011 w stretch (v 2) 
Cl—H asymmetric 
MP8b 2990 w 2992 w stretch (v 2), perturbed 
by adsorption 
MP9 2959 w 2959 w 2959 w 
C4—H symmetric 
stretch (v 3) 




MPh 1 2911 vw 2910 vw band 
v 12 + V6 = 2929 
MIP12 2874 vw 2877 Vw 
Overtoneband-2xv7 
= 2896 
MP13 2850 vw 2850 vw 2850 w 
Overtone band —2xv 25 
= 2850 
CO  2024 mw  Carbon monoxide 
MP 14 1792 w sh  C=O stretch 
CO symmetric stretch 
MP15 1754 msh 1755 vs 1755 vs (v5) 
Mostly due to C302 
C=O antisymmetric 
MP16 1734 vs stretch (v6) 
Mostly due to C20 1 
MP17 1660 vw 1660 mw 1657 w 
Perturbed C0 stretch 
or a combination band 
MIP18 1611 mw 
Unassigned, possibly 
water OH bending 
MP 19  1513 vw Unassigned 
MP20 1450 "' 1450 mw 1453 w 
C4—H asymmetric 
sh bend (v7, v24) 
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Liquid 
Unmod Mod 3M94 
Peak  JM94 Assignment 
Freq Str Frea ..i Str 
Frea 
t  Str 
No 
/Cm  /cm  /Cm 
C4—H asymmetric 
MP21 1439 w 1439 mw 1441 w bend (v8) 
In-plane 
Cl—H asymmetric 
MP22 1422 w bend (v9 , v25) 
In-plane 
Cl—H symmetric bend 
(v io) 
M1P23 1377 w 1376 w In-plane 
Perturbed to methyl 
lactate frequency 
Cl—H symmetric bend 




MP25 1305 mw 1303 mw 1302 
mw 03—C3 stretch (trans) 
sh (v) 
MP26 1274 mw 1274 
mw 
1277 mw 
03—C3 stretch (cis) 
sh  (v) 
M1P27 1220 vw sh 1224 w sh 1222 w C4 rock (cis) (v 12) 
MP28 1194 w 1198 wsh 1198 w C4 rock (trans)(v 12) 
Combination band 
MP29 1175 w 1173 w v20 +v 16 = 1167 
v28 +v 18 = 1185 
M1P30 1139 ms 1142 w 1142 w 
C4rock(v26) 
Out-of-plane 
MP3 1 1093 w sh 
C 	rock (cis) (v 13) in 
plane 
MP32 1048 
C 	rock (trans) (v 13) in 
plane 
MP33 1021 vw 
Cirock (trans) (V27) 
Out of plane 
MP34 1000 w  C—C stretch (v 14) trans 
M1P35 960 vw 
C—C stretch (v 14) cis  
RA IRS only 
MP36 930 vw 
03—C4 (v 15) 
 _______ ______ ______ RAIRS only 
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Chapter 6 - Room Temperature Reaction of Methyl 
Pyruvate over Pt/Alumina Catalysts 
Figure A.7 - Steady State Reaction DRIFTS Spectra at Room Temperature 
75 
ISO 	 --Unmod 
Mod 
/ 	 Liquid ML 












B — Carbonyl 	j06 / J Region 
00 -  
2100 2050 2000 1950 1900 1850 1800 1750 1700 1650 1600 1550 1500 
Wavenumber 1cm' 












Appendix A - Summary of Spectra 
Table A.4 - Frequencies and Assignments of Methyl Lactate 
Liquid Unmodified Modified Peak 
No. 
Assignment Freq Str •i 
Freq Str Freq Str 







MLI 01—H stretch 
• broad broad broad  
3030 "i' 3030 3027 
" ML2 
Asymmetric C4—H stretch 
sh sh sh (vi) 
CI—H asymmetric stretch 
2988 w 2987 mw 2987 w ML3 (V2) 
2957 w 2958 mw 2958 w ML4 C4—H symmetric stretch (v3) 
2908 w sh N/A N/A ML5 C2—H stretch 
2890 w 2888 w 2879 w ML6 C2—H stretch 
C2—H stretch for the GskC 
2852 wsh 2850 w 2850 w ML7 conformer or 
Overtone— 2xv25_= 2850 
2057 vvw 2082 vvw 2072 vw ML8 Combination band 
1957 vvw 1963 
vw 1964 vw ML9 Combination band 
sh  
Combination band or 
—1790 
sh 
1792 s sh 1795 s MLIO unassigned carbonyl 
1741 vs 1754 vs 1750 vs ML1 1 C3=02 stretch (v5) 
Carbonyl adsorbed via lone 
N/A 1658 mw N/A ML12 pair 
N/A 1610 mw 1594 
W M113 Water hydroxyls 
broad  
N/A  1510 vw ML14 Unassigned 
C4—Hasymmetric bend (v 7, 
1453 mw 1451 m 1455 w ML15 
v24) 
C4—H asymmetric bend (v g) 
1438 mw 1439 m 1442 w ML16 In-plane 
1408 w N/A N/A ML17 01—H bend 
1373 w 1379 mw 1374 w ML 18 
Cl—H symmetric bend (v 10) 
In-plane 
Cl—H symmetric bend (v 10) 
In-plane 
N/A 1354 mw N/A ML19 Perturbed to methyl pyruvate 
frequency 
1320 wsh 1315 mw 1316 w ML20 C2—H rock —SsC/GskC 
1267 mw 1281 mw 1265 mw ML21 03—C3/4 stretch (v11) 
CCH deformation or 03— 
1219 m 1231 mw 1229 mw ML22 
C3/4_  stretch 	for GskC _(v 11 )_  
Methyl rock 
1132 ms 1140 w 1140 w ML23 (C4—v26,Cl—v27) 
Out-of-plane 
1087 w N/A N/A ML24 
C 	rock (v 13) 
Inplane 
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Figure A. 19- Adsorption of Methyl Pyruvate on Modified JM94 at 160 0C 
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Figure A.25 - Reaction of Methyl Pyruvate over Unmodified JM94 at 160 0C 
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Figure A.26 - Reaction of Methyl Pyruvate over Modified JM94 at 700C 
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Chapter 8 — The Adsorption of Methyl Pyruvate on a 
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Appendix B — Summary of EQuation and Terms 
Equation - 	 Page Number 
Chapter 2— Experimental Theory 
2.1 ------------ E V =(v+1}2IOSC -_ ------- - 12 
= Energy of vibrational energy level v 
= Oscillation frequency 
2.2 ---- — ------ E=Deq [1_exp{a( q  _r)} -------------------------------------------------13 
Deq = Dissociation energy of the molecule 
a = Molecular constant relating effective mass, force constant of the bond 
and dissociation energy 
r = Equilibrium bond length 
r = Internuclear distance 
2.3 ---------- - Ev =(V+i
)
e _V+!j eXe ----------------------- - 13 
 Iu (  
= Energy of vibrational energy level v 
We = Oscillation frequency 
Xe = Anharmonicity constant 
2.4 ------------ RV = fWVj VV 
	 14 
Rv = Transition moment of for transition between wavefunctions v and 
Il/V 
x = Displacement of internuclear distance from equilibrium = r - r eq  
("1'(d2 	2
2.5------------p=p +Ix+—I 	Ix +... --------------------------------14 e 	
)e 	2RdX 2 ) 
= Dipole moment of the molecule, given in Eqn 2.5 as a Taylor 
expansion in terms of x = Displacement of internuclear distance from 
equilibrium 
B-i 
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2.6------------R = /e fy/V V
'dX ()
e fvf
Vy/xdx +... -------------------------- 14 
R = Transition moment of for transition between wavefunctions 1Lç and 
x = Displacement of internuclear distance from equilibrium = r - req  




" = 	) e  f Vj  
R = Transition moment of for transition between wavefunctions p' and 
x = Displacement of internuclear distance from equilibrium = r - r q 
= Dipole moment of the molecule 
NlEvi 
2 .8 ------------ --=exp------ ---------------------------------------------------------------- 15 
No 	kTj 
Nv = Population of energy level v 
No = Population of ground state 
E = Energy difference between v and the ground state 
k = Boltzmann's constant = 1.38 x 10 J.K 1 
T = Temperature in Kelvin 
i'(s)= O.5I(i7){1 + cos2)r 05 
2 .9 	 L 	2J --------------------------------------------- 17 
I (s) = 0. 51(011 + cos 2rVS} 
1(v) = Source intensity 
i'(s) = Intensity as modulated by the retardation of the interferómeter 
mirror, 6 
A. = Wavelength of JR radiation 
V 	= Frequency of IR radiation 
2.10 ---------- I(8)=B( 7)cos2rV8 ---------------------------------------------------------- 17 
I(g) = Intensity as modulated by the retardation of the interferometer 
mirror, 6 
B(V) = 0.5H(V)I(V) 
where H(V) = Instrument-based, frequency dependent modifying 
factor 
V = Frequency of JR radiation 
M  
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+00 
1(5) = fB~v)cos 2;rfTi5 * d P7 
B(V)=JI(S)cos2ri78.dS------- -------- ------------------ 
1(o) = Intensity as modulated by the retardation of the interferometer 
mirror, ö 
B(V) = 0.5H(V)I(V) 
where H(V) = Instrument-based, frequency dependent modifying 
factor 
V = Frequency of JR radiation 
Where Eqn 2.11 is the cosine Fourier Transform of B(17) 
2.13 ---------- Av =8Lcm ------ ----------- --19 
A vmax  = Maximum resolution of the FTIR spectrometer 
= Maximum retardation of the interferometer mirror 
2.14 ----------  B(i7)=J1(8)D(8)cos22ri7S.dö ------------------------------------- --19 
Intensity as modulated by the retardation of the interferometer 
mirror, 8 
B(V) = 0.5H(7)I(P) 
where HØ7) = Instrument-based, frequency dependent modifying 
factor 
V = Frequency of JR radiation 
D(6) = Truncation function for B(i7) 
Such that D(ö) = 1 if-A<6<+A 
D(ö) =0 if +A <8<-A 
2.15 ---------- f()= 
2A - sin(2A) 
- 2A . sinc(2A) ---------------------------- 19 
2,rVA 
The Fourier transform of D(S) in Eqn 2.14 
2.16 -------- A, (5) = Apodisation function for B(V)-------- - 19 
Such that A (ö) = 1— 	if -A <6 <+A A 











The Fourier transform of 	in Eqn 2.14 
- 1( 7) 
2 .18 ---------- T(v) = 	- ----------------------------- ----------------- 21 
i(v) 
T(7) = Transmittance of a sample at frequency v 
J(P) = Intensity of the transmitted beam at frequency v 
JO (P) = Intensity of the incident beam at frequency v 
2.19 ---------- T(i7 ) = exp{— ad}--------------------------------------------------------------- 21 
T(i7) = Transmittance at the absorption peak minimum at frequency 
V P  
c = concentration of the absorbent 
d = sample thickness 
= molar extinction coefficient 
2.20 ---------- A(V)= -1n[T(i7)]= cd ----------------------- - 22 
A(V) = Absorption at peak minimum at frequency V 
r(v) = Transmittance at the peak minimum at frequency i71, 
c = concentration of the absorbent 
d = sample thickness 
= molar extinction coefficient 
2.21 ---------- A = fA(V)dV = ëcd ------------------------------ --22 
= the integrated absorption coefficient 
A = the total absorbance, i.e. the combination of the absorbances for the 
catalyst and for the adsorbates 
A(7) = Absorption at peak minimum at frequency t7 
I(f7) = Intensity of the transmitted beam at frequency v 
i0 (v) = Intensity of the incident beam at frequency v 
c = concentration of the absorbent 
d = sample thickness 
B-4 
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2.22 ---------- SxdV 4----------------------- --------------- --- 22 
S = Scattering of incident radiation 
di, Particle size 
V = Frequency of incident radiation 
(n-1)+n 2k 2 
(n+1)+n 2k 2 
R = reflection intensity coefficient 
n = refraction index 
k = complex component of the refraction index 
2.24 ---------- = n+ik ------------------ - - 23 
ii = Complex index of refraction 
2.25 ---------- !-i = _(K+s)I+sJ ------------------------------------------------------------ 26 
dx 
I = Incident flux 
J = Remitted flux( = RgI at x =0) 
x = Sample thickness 
K = flux losses due to absorption oc molar absorption coefficient 
S = flux losses due to scattering 
2.26 ----  ------ 4=-sI+(K+s)J ---------------------------------------------------------- 26 
dx 
See Eqn. 2.25 for other terms 
I 1-R [a-bcoth(bSL)] 
	
2.27 ---------- R =  — = 	g 	 ---------------------------------------- 27 
J a-R g +bcoth(bSL) 
See Eqn 2.25 for other terms 
R = Reflectance 




b = (a 2 _1) 
L = x where 1=10 
(K' 	"2 (K12
2.28 ----------R =1+ I 	I- 
[(K 
  I+21 	I I----------------------------------- --- 27 
S) S) 	LS)] 
R. = Absolute reflectance of the layer 
See Eqn 2.25 for other terms 
B - Summary of Equations and Terms 
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2.29 ---------- f(Rj= 
K  
--= (1—R 	 ------------ 27 
2RQ  
f(R0) = Kubelka-Munk remission function 
See above for other terms 
2.30- 	--K=2.303ëc --------------------------------------- 27 
= molar absorptivity 
c = concentration of the adsorbate 
K = flux losses due to absorption oc molar absorption coefficient 
S = flux losses due to scattering 
f(R') = Kubelka-Munk remission function for a ratio of the total 
reflectances of the sample and a non-absorbing standard 
2.303ëc 
2.31 	 = Kc ----------------------------------------------- - 27 
See Eqn 2.30 for terms 
2.32 ---------- K'= 2.303ëS ----- 	 27 
See Eqn 2.30 for terms 
aeu0 " 
2.33 ---------- w =anO  (l+ 	
V -- -- ------------------------- ------------------------------- 32 
1+ae8Uo ) 
(0 = vibrational shift for dipoles oriented perpendicular to the surface 
(00 = unperturbed vibrational frequency 
av = vibrational polarisability of the dipole 
a.e = electronic polarisability of the dipole 
9 = coverage 
Uo = lattice sum 
R P 	p  sin2(Ø+Ø') 
2.34 	 - 33 
R 
S 	s 	tan2(0+0f) 
R = reflection intensity coefficient for p or s polarised radiation 
r = amplitudes of the reflected radiation for  or s polarised radiation' 
= angle of incidence 
= angle of refraction 
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R =r2 = (n—secØ)2 +k2 
P p 
 (n+secØ)2+k2 
2.35 	 ----------- -- -----------------34 
Rr2 
(n— COS  q5)2+k2 
(n+cosØ) +k 
R = reflection intensity coefficient forp or s polarised radiation 
r = amplitudes of the reflected radiation forp or s polarised radiation 
= angle of incidence 
n = refraction index 




See Eqn 2.36 for most terms 
ö = phase change of reflected wave of s or  polarised radiation 
A = total phase change 
2.37 ---------- E=E'[sint9+rsin(t9-i-8)] -------------------------------------------------35 
E = amplitude of the electric field at the metal surface 
E'sinO = amplitude of the incident electric field 
= phase change of reflected wave of s or p polarised radiation 
o = arbitrary phase 
r = amplitudes of the reflected radiation for p or s polarised radiation 
2.38 ---------E 5 =E[sin9±isin(9+83 )]-_ ------------- ----- 35 
As for Eqn 2.37 but only for the s-polarised radiation 
2.39 ----------E =EcosØ[sin8+rsin(8+8)]------------------------------------ 35 
2.40 ----------E =E, sinø[sin+r sin(+ö)} ------------------------------------- 35 
As for Eqn 2.37 but only for the p-polarised radiation 
EP> = component of the reflected p-polarised electric field parallel to 
the metal surface 
EP = component of the reflected p-polarised electric field normal to the 
metal surface 
= angle of incidence 
IM 
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1E' 
2.41 ----------  AR
= 
 I ----- I sec 	------------------------------------------------------------ 36 
E) 
= total absorption intensity 
EP' = p-polarised component of the incident electric field 
r.t = component of the reflected p-polarised electric field normal to the 
metal surface 
Al?(R 0 _R) 
2.42 ---------- A = 	
R° 
------------------------------------------------------------------ 38 
A = absorption function 
R° = reflectance of the three-phase system with a non-absorbing 
adsorbate 
R = reflectance of the three-phase system with an absorbing adsorbate 
2.43 ---------- 




R ° R ° R O 	100 
R° = reflectance of the three-phase system with a non-absorbing 
adsorbate 
R = reflectance of the three-phase system with an absorbing adsorbate 
%T = percentage transmittance 
AR 8rdn1cosq 	( - 3 -) 2.44---------- A = 	S = 	 • Im 2 	 39 
S R5°  
2.45 ---------------------------------------------------------- ---39 
AP 
	= 8,rdn1 cos 
0 Imf162 
-.e3 ') i-(4 2 +e3 )sin 2 Ø 
° RO A +  + )sin 0 
s or  subscripts refer to s or  polarised components 
A = absorption function 
R° = reflectance of the three-phase system with a non-absorbing 
adsorbate 
R = reflectance of the three-phase system with an absorbing adsorbate 
= dielectric constant of vacuum 
n 1 = refractive index of vacuum 
62 = complex dielectric constant of the adsorbate 
63 = complex dielectric constant of the metal 
d = adsorbate thickness 
= angle of incidence 
X = wavelength of radiation 
Im refers to the imaginary part of the angle of incidence 
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2.46 ---------- A =
(8,rd sin Ø tan Ø 	1 i.Imi—i -------------- - ------------ - 39 
n2 	) 
Y47zk_d" 
2.47 ---------- A 
= i (4sinØtanØ 
_____ 	
2 	-------- 	--------- --------- 39 
P 	 ) 2 ) 
A = absorption function of the p-polarised radiation 
d = adsorbate thickness 
= complex dielectric constant of the adsorbate 
A. = wavelength of radiation 
Im refers to the imaginary part of the angle of incidence 
k2 = complex component of the refraction index of the adsorbate 
113= refractive index of the metal 
2.48 ---------- 
EKJ33
&  EK 2I 2,3 --------------- - 41 
= kinetic energy of the KL 2 ,3L 2 ,3 Auger electron 
EK = energy of the K shell electron 
L23 = energy of the L2 ,3 shell electrons 
2.49 ---------- ------------ - ------------------------------------------------------------------------------- 41 
E13 (Z) = EK (Z)---[E(Z)+ ELI(Z  + 1)j—.-[E 3 (Z)+ EJ3 (Z + 1)j-- 
2.50---------- E 33 (Z) = EK(Z) - [E 3 (Z) + E 3 (Z + 1)j ---------------------41 
2.51 ------- --EKI33 =EK —E L3 —E 3 —U---- ------ - 42 
E 33 (Z) = kinetic energy of the KL 2 ,3L2 , 3 Auger electron for an 
atom with atomic number Z 
EK  (Z) = energy of the K shell electron for an atom with atomic 
number Z 
L23 (Z) = energy of the L2 ,3 shell electrons for an atom with atomic 
number Z 
U = H + P = Coulomb factor taking into account the hole-hole 
interaction of the free atom (II) and extra-atomic or screening 
polarisation or relaxation effects of the solid-state environment (F) 
2.52 ---------- J=AT2 expI_kl_ ------------------------------------------------------ 42 
kTJ 
5= current density of electron emission 
A = Richardson constant, dependent on the cathode material 
T = cathode temperature in Kelvin 
k = Boltzmann's constant = 1.38 x 1023  J.K' 
p = work function of electron energy 
WM 
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2.53 ---------- I=JN(E)dE--_ 44 
EO 
2.54 ---------- A 1 = 	 N"(E)+ 	N"(E0 )+ ...... - --------- 44 
8 	192 
2.55 ---------- A2 = N'(E0) + Nm(E) + 	N"m(E) + ......---- 44 
4 	48 	1536 
I = dc component of electron current arriving at RFA screen 
N(E) = electron energy distribution = N, where the number primes shows 
the order of the differential of N with respect to E 
Ep = primary beam energy 
E0 = eV0, such that the retarding potential is V o 
A1 = first harmonic term of the electron current arriving at the RFA 
screen 
A2 = first harmonic term of the electron current arriving at the RFA 
screen 
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V 	 -1 	
. 1 
3.2------------- = 88JK mol ------------------------------------------------------------ 49 
Tnbp 
p = vapour pressure at temperature T 
- 	p* = vapour pressure at temperature T* 
11v = enthalpy of vaporisation 
R = gas constant = 8.314 JKmol4 
Tbp = The normal boiling point of the liquid. (13 5.5 0C for methyl 
pyruvate and 144.5 0C for methyl lactate) 
3.3 ------------ P=P* exp[1o.58_1J] -------------------------------------------------- 49 
 ( T 
See above (3.2) for terms. 
3.4---------R = (moles of R-enantiomer— moles of S-enantiomer)-- ---- ---- ------ -----55 
(moles of R-enantiomer + moles of S-enantiomer) 
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List of Abbreviations and Acronyms 
DRIFTS .......................................................Diffuse Reflectance Infrared Spectroscopy 
RAIRS ......................................................Reflection Adsorption Infrared Spectroscopy 
MP.........................................................................................................Methyl Pyruvate 
NIL........................................................................................................... Methyl Lactate 
COM.................................................................................. Carbon—Oxygen—Metal bond 
IJHV................................................................................................. Ultra-High Vacuum 
AES................................................................................... Auger Electron Spectroscopy 
FTIR..................................................................................... Fourier Transform Infrared 
SNR............................................................................................... Signal-to-Noise Ratio 
ATR..................................................................................... Attenuated Total Reflection 
DRS ........................................................................... Diffuse Reflectance Spectroscopy 
KM.......................................................................................................... Kubelka-Munk 
CO....................................................................................................... Carbon monoxide 
MSSR................................................................................ Metal Surface Selection Rule 
CCC........................................................................................... core/core/core transition 
CCV..................................................................................... core/core/valence transition 
CVV 	............................................................................................... core/valence/valence 
RFA......................................................................................... Retarding Field Analyser 
LEED........................................................................... Low Energy Electron Diffraction 
OFN.............................................................................................. Oxygen-Free Nitrogen 
MIR.............................................................................................................. Mid-infared 
MCT................................................................................... Mercury Cadmium Telluride 
WC 	............................................................................................ Mass Flow Controllers 
GC.................................................................................................... Gas Chromatograph 
FID 	......................................................................................... Flame Ionisation Detector 
JM94.............................. Type 94 5% platinum/alumina catalyst from Johnson Matthey 
5N............................................................................................................ 99.999% purity 
PSD........................................................................................... Phase Sensitive Detector 
VCD 	.............................................................................. Vibrational Circular Dichroism 
R 	.................................................................. Enantiomeric Excess of the R-enantiomer 
Unmod............................................................................................. Unmodified catalyst 
Mod...................................................................................................... Modified catalyst 
DFT ....................................................................................... Density Functional Theory 
FWHIM .................................................................................. Full-Width-Half-Maximum 
LP ................................................ Bonding to the metal surface via a carbonyl lone pair 
Ti 	.............................. Adsorption mode utilising the keto-carbonyl of methyl pyruvate 
T2 	.............................. Adsorption mode utilising the ester-carbonyl of methyl pyruvate 
T3 .......................................................Adsorption mode utilising the keto-carbonyl and 




PNE ............................................................ (R)-2-( 1 -pyrrolidinyl)- 1 -(1 -napthyl) ethanol 
CO 	...............................................................Dissociatively produced carbon monoxide 
COCG ................................Adsorbed carbon monoxide due to carrier gas contamination 
RI and R2..................Labels referring to two different RA[RS adsorption experiments 
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